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ABSTRACT
This thesis is concerned with the electro-mechanical characterisation of MEMS
capacitive pressure sensors and the determination of models to describe their
behaviour.
The finite element software package ANSYS is validated as a tool for the
examination of the electro-mechanical behaviour of capacitive pressure sensors. It is
then used to incorporate the effects of applied load, voltage and residual stress into a
model of the sensor structure. The capacitive pressure sensor is modelled both in 3D
and also in 2D axis-symmetric modes. The error between the 2D and 3D models is
quantified.
The behaviour of structures under electrostatic actuation is investigated. A
means of extracting the capacitance from the sensor structure is developed and also a
m.eans of modelling contact between structural entities in the system is proposed. The
optical profiling method. Scanning White Interferometry is introduced and utilised to
measure the behaviour of sample capacitive pressure sensors under electrostatic
actuation.
The behaviour of classical structures under electrostatic actuation is
investigated and the electrostatic pull-in behaviour of fixed-fixed beams is
investigated using both analytical and TEA methods. The output from the ANSYS
models developed is also compared to the commercially available numerical analysis
software packages SUGAR and Coventorware. Capacitance and the effect of fringing
fields are also addressed to a lesser extent.
A sensitivity analysis was also conducted on the geometric structure of the
sensor and the critical dimensions such as diaphragm diameter and thickness were
investigated. The capacitance output range for the sensor was found to be non-linear
and in the region of 390 to 415 femto Farads in a pressure range from 0-0.14 MPa.
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Glossary of Symbols

Chapter 3
F

Applied load

L

Length of beam

E

Young’s Modulus

V

Poisson’s ratio

I

Second moment of inertia

Ay

Displacement

P

Pressure (UDL)

r

Radius of plate

a

Distance from edge of plate

w(r)

Displacement at a given radius

Wma:

Maximum displacement of plate

T,h

Plate or beam thickness

D

Plate flexure rigidity, D=£'tVl2(l-v^)
Constants used in the calculation of non-linear displacement of a clamped
plate
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Xo d

Original distance between capacitor plates

X

Change in distance between capacitor plates

Fs

Elastic energy

eo

Permitivity of dielectric medium

Fe

Electrostatic force

A

Capacitor plate area

Phs

Electrostatic pressure

V

Applied voltage

p pres

Pressure load

c

Capacitance

N

Number of ring divisions

71

3.14

g

Gap distance

IV

b

Width of beam or plate

heff,

‘effective width \ of beam or

Q

Electrostatic charge

VpL

Pull-in voltage

plate.

w(x,y) Beam displacement in the Z direction
Um

Potential energy stored in a beam
Original (undeflected) uniaxial stress in a beam

Act

Additional stress induced by beam stretching

AZ

Change in length

w(x)

Profile of the deflected beam, w\co^{nxlL)

Uf, (vr) Bending energy of a beam
Potential electrostatic energy of a system
C1, C2 Beam constants
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AT

Change in temperature

a

Coefficient of thermal expansion

Chapter 6
O

Interferometric phase

(po

Interferometric phase offset

X

Light source wavelength

L

Optical path difference

/

Normalised intensity

K

Wave-number, A: = 2;;r//I
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Chapter 1: Introduction
This chapter introduces the purpose of this work. Firstly the specific goal and
direction of this work is defined. A brief introduction to the field of silicon
micromachining and the applications of this technology follows. The basic functional
principle behind the capacitive pressure is described and the different functional
applications of this principle are defined. Finally the main chapters of this work are
introduced and briefly summarised.

1.1

Thesis Goal
The goal of this work is to develop accurate behavioural models of a MEMS

capacitive pressure sensor. This necessitates the creation of a coupled field modelling
methodology, which includes all the various forces present in the sensor system.
These range from residual stress due to fabrication and environment to electrostatic
attraction and applied pressures. Modelling is undertaken using analytical and
numerical methods, in particular Finite Element Analysis. Modelling methodologies
are developed both in two and three-dimensional domains. The models are validated
through experimental measurements, analytical models of classical structures and
comparison with published data.

1.2

Background

1.2.1 Evolution and growth of Silicon Sensor Technology
The technological process of fabricating mechanical structures in silicon is
called silicon micromachining. It is more precisely described as a three-dimensional
sculpting of silicon, using standard or modified semi-conductor batch processing
technology. This thesis is concerned with silicon pressure sensor technology.
Silicon sensor manufacturing technologies make devices ranging in size from
millimetres to microns. Silicon surface micro-machining makes completely assembled
mechanical systems at very low cost. A silicon bulk micro-machining uses either
etches that stop on the crystallographic planes of a silicon wafer or etches that act
isotropically to generate mechanical parts. These techniques combined with wafer
bonding and boron diffusion allows complex mechanical devices to be fabricated
[31]. This technology makes miniature parts with a high degree of accuracy, in the

micron domain. Micro-mechanical parts tend to be rugged, respond rapidly, use little
power, occupy a small volume, and are often much less expensive than conventional
macro parts.
The basic methodology through which micromachining is conducted is
through the deposition of many layers of structural and sacrificial material. The
sacrificial layers are removed leaving complete structures. Such structures could be a
micro-motor or gear system or, as in the case of this project, a pressure sensor.
Different classes of pressure sensor will now be introduced.

1.2.2 Pressure sensors
Since 1958, Silicon has been used in the construction of pressure sensors.
These are the most mature Silicon micromachined devices commercially available
today. Costs have come down from $1000 in the 1960’s to a few dollars per sensor
and less than $0.50 for a die (Silicon microchip). Two main varieties are used in the
automotive industry: piezoresistive and capacitive. Also, two major manufacturing
techniques are employed: bulk micromachining in single crystal silicon and surface
micromachining in polysilicon. Pressure sensors are available in ranges from a few
Pascal s to 100 Mega-Pascal’s [2]. They are available as absolute pressure sensors
(measuring with respect to vacuum, Pref=0) gage pressure sensors (measuring
relative to atmospheric pressure, pref=l) and differential or relative pressure sensors
(measuring one pressure relative to another, pref=constant) [2]. The basic structure
behind these commercially available pressure sensors are detailed in figure 1.1.

Pref = Constant

(A) Relative Type of Pressure Sensor.

B

(B) Absolute Tj'pe of Pressure Sensor.

Pref = 1 atm

c

(C) Gauge XjTJe of Pressure Sensor.

Figure 1.1: The three different types of eommercially available pressure sensors.

The capacitive pressure sensor is more sensitive, less temperature dependant,
and holds up better in harsh environments compared to piezoresistive sensors [13]. In
the past bulk micromachining was relied upon for its manufacture, it must be etched
out of a larger piece of silicon to attain the same sensitivity as a piezoresistive sensor,
thereby making it more expensive.
The electronics for a capacitive pressure sensor are complicated and
expensive; this is due to the small size of the output signal and its vulnerability to
parasitic interference from surrounding microelectronic circuitry. As a result, in the
case of a capacitive sensor, the small signal necessitates integration of the sensor itself
and the sensor electronics on the same chip. Output signals are typically in the Femto,
(10 *^), farad range. However this allows further miniaturisation of the capacitive
pressure sensor hence its development as a MEMS device. This is one of the major
reasons for interest in these devices. The capacitive pressure sensors investigated in
this work are manufactured using silicon micromachining [3].

1.2.3 Silicon Capacitive Pressure Sensor
Whereas piezoresistive pressure sensors have being undergoing various
evolutionary steps since 1954, capacitive pressure sensors are a relatively new
development. Silicon capacitive sensors were developed in the 1960’s at many

institutions such as Stanford University, Case Western University and the Ford Motor
Company. The essential principle of function is that when an electrostatically charged
diaphragm displaces either towards or away from a ground plane there is a change in
the capacitance of the system. This displacement can be induced as a result of a
change in the pressure in the local environment.
Most commercial micro pressure sensors use the piezoresistive technique, but
capacitive sensors are intrinsically superior with lower temperature sensitivity, noise,
zero drift, and power consumption. Despite its advantages, the use of capacitive micro
pressure sensors has been very limited because of the desire for linear response in
mass produced devices (e.g. automobiles). Silicon capacitive pressure sensors have a
non-linear output [4].
The main disadvantage with capacitive pressure sensors is that the value of the
output signal is very small (typically fractions of a picofarad) and therefore sensor
resolution is sensitive to parasitic capacitance and electrical noise. This limitation
makes integration of the sensor and the sensor circuitry onto the same chip essential
for small capacitive sensors or else necessitates very large (i.e. expensive) sensor
capacitive arrays to allow the use of off chip electronics [3].

1.3

Objectives
1 his work has a number of separate objectives. They can be divided into the

following sections. Firstly accurate finite element models of the pressure sensor
system must be developed. In order to have confidence in the outputs from these
models the suitability of the Finite Element Analysis Package ANSYS for modelling
MEMS devices and to that end model the effects of the combined forces of;
Electrostatic attraction. Residual Stress and Applied load must be quantified. The
effects of the geometry of the pressure must also be investigated.
As the sensors response to an applied pressure is measured through
capacitance, a methodology of extracting the capacitance of a MEMS pressure sensor
using ANSYS must be developed. To further quantify the accuracy of these models
the FEA sensor model is validated using interferometric measurements of
displacement versus applied voltage of actual prototype devices manufactured by
Analog Devices Limerick for the NMRC (National Microelectronics Research
Centre).

1.4

Outline of Thesis
This work is separated into the following distinct sections. Chapter one

provides a brief outline of the background of capacitive pressure sensors and
introduces the reader to the manufacturing of these devices. It also provides an outline
of the objectives and how this work is structured throughout the thesis.
Chapter two consist of a literature review of the state of the art in MEMS. It
introduces many of the applications of MEMS devices and the manufacturing
methods involved. The various forces in the pressure sensor system are introduced
and discussed, such as electrostatic forces, applied load and residual stress. It
proceeds to discuss the purpose of packaging and various methods of protecting
MEMS devices from the external environment. Methods of optical profiling (i.e. to
observe the geometry and real-time behaviour of the devices) and quantifying the
behaviour of MEMS devices are presented and discussed as v/ell as finite element
analysis. Finally the topic of microsystem packaging is introduced and discussed.
Chapter three introduces the mechanical properties of polysilicon and the
development of analytical and Finite Element Analysis (FEA) models of classical
structures such as cantilevers, fixed-fixed beams, plates etc in both two-dimensional
and three dimensional domains.

This will demonstrate the suitability of the finite

element analysis software package, ANSYS in modelling MEMS devices. The
analytical models provide an approximation of the behaviour of such structures,
however they lose accuracy when the system complexity increases. Analytical models
also have difficulty modelling the effects of combining all the different parameters
present. The complete sensor structure is modelled and the effects of altering the
geometry and system forces are investigated.
Chapter four incorporates the effects of the electrostatic forces in the system
and also develops a method of extracting capacitance values from the FEA models.
The output from these models will be validated using classical formulae and also
through comparison with other commercially available modelling packages such as
SUGAR [142,143] and Coventorware [151]. Advanced topics such as electrostatic
fringing and pull-in behaviour will also be explored.
Chapter five describes the ANSYS modelling methodology in both two and
three dimensions. The different procedures, command macros, element types and

possible pit-falls of MEMS modelling in ANSYS are discussed. The strengths of the
models and their limitations are also included. The ANSYS Parametric Design
Language (APDL) is utilised in the creation of these models.
Chapter six outlines experimental measurements taken to validate the
behaviour of fabricated capacitive pressure sensors. These measurements were taken
using the Scanning White Light Interferometry (SWLI) optical profiling method. The
experimental set-up utilised is described. The results taken are discussed and
compared to outputs from FLA models of the same structure. The potential sources of
error in the FLA model are highlighted. This proved successful with the experimental
results matching the results from the FLA simulation well.
The work presented in this thesis is summarised in chapter seven and
conclusions are drawn. Possible areas for future work are also suggested. These
include further analysis of the manufacturing process, development of electrostatic
actuators and protection of capacitive pressure sensor elements from the environment.

Chapter 2: Literature Review
2.1

Introduction
This chapter introduces the general topic of microelectromechanical systems

(MEMS) and the more specific sub-topic of capacitive pressure sensors, the subject of
this thesis. Examples of MEMS fabrication methodologies are given and discussed. The
advantages and disadvantages of MEMS technologies and the challenges faced by the
microelectronics industry are also outlined.
Polysilicon pressure sensors are discussed in some detail with an emphasis on
modelling the system and the effects of residual stress due to plastic encapsulation on
sensor behaviour. The various forces in the sensor system and their effects and origin are
deseribed. The optical profiling technique Scanning White Interferometry (SWLI) is
introduced and its use as a tool for validating FEA models of sensor behaviour is
quantified.

2.2

What are Microelectromechanical Systems?
A micro-system can be defined as an intelligent miniaturized system comprising

sensing, processing and/or actuating functions. They would nomially combine two or
more of the following: electrical, mechanical, optical, chemical, biological, magnetic or
other properties, integrated onto a single silicon chip. A simple analogy eould be the
human body. If the logic device is the brain, MEMS adds eyes, nose, ears and other
sensory input.

Such Microsystems offer advantages of miniaturization, low power

consumption, faster response times, enhanced reliability and increased functionality. For
example the single chip chemical microsystem for rapid chemical analysis displayed in
figure 2.1. This illustrates how various different sensors, such as a temperature sensor and
various chemical sensors can be integrated onto one microchip increasing its
functionality while reducing the physical size of the system.

MV

calorimetric chemical
sensor and reference
temperature sensor
7 mm

capacitive chemical
sensor and reference
mass-sensitive
chemical sensor

Figure 2.1: MEMS Single-chip Chemical Microsystem for Chemical analysis [41].

Microsystems technologies, and in particular silicon micromachining, have, in
recent years, allowed the rapid development and miniaturization of many different types
of sensors. This is evident from the proliferation of accelerometers and pressure sensors
in the automotive industry [2,5-7], and also their application in the bio-medical industry
[9-11].
The reliable functioning of these devices is crucially dependant on how they are
manufactured. Large residual stresses are generated during the manufacturing process in
the range of 0-400 MPa. The residual stress may cause them to fail or to perform out of
specification, i.e. a high tensile stress will result in the membrane being harder to displace
by a change in the environment [13-15]. These aspects of MEMS devices will be
explored in this section. Such manufacturing induced problems are currently the greatest
disadvantage of MEMS based technologies.
Microelectromechanical systems (MEMS) are often hard to put into a specific
category. MEMS devices are used in a wide variety of different areas such as bio
mechanical,

micro-optoelectromechanical

systems

(MOEMS)

used

in

laser

communication technology, automotive applications e.g. airbag accelerometers and
pressure sensors to measure engine performance. MEMS are also known as
Microsystems (MST) and micromachines. Great effort has been expended in recent years

to categorize MEMS systems, however the ever-expanding areas of application for such
devices have complicated this task.
THOT-^ST TECHNOLOGY
GROWTH AREA
MICROFLUJCXCS & BJOMEMS
E»r«mat#a 40 . dt Tota/ markat oy 2003

FUTURE GROWTH TECHNOLOGY
Optical Switching & RF MEMS
Telecom industry

Microfluidics
Other
Pressure Measurment
Inertial Measurment
Optical

1996

Figure 2.2: Source SPC 1999 [8J.

Figure 2.2 clearly displays the increase in the market for MEMS devices and their
ever-growing areas of applications. It can be clearly seen that there has been rapid growth
in recent years from left to right with the growing investment in these fields. In partieular
microfluidics [17] and pressure measurement [1] have expanded rapidly. MEMS
applications are explored in the following section.

2.2.1

MEMS Applications and Advantages
MEMS devices have major advantages of miniaturization, lower power

consumption, high sensitivity, low mass, robust, increased functionality, fast response
time and comparatively reliable. It is for these reasons that they are being applied in a
highly diverse range of areas. These range from microfluidic flow sensors [16, 17],
microwave

communications

[18],

pressure

measurement

[19-21],

fibre

communication [22], biomedical applications [9,11] and chemical analysis [25].

optic

One of the application areas for MEMS devices is the automotive industry. In a
complex electronic/electro-mechanical system such as the modem car, the need for
effective, accurate, reliable, and low-cost sensors is clear. The automotive industry
accounts for the largest percentage of the market for silicon micromachined sensors [7].
Such sensors will continue to penetrate automotive applications for both safety and
performance features. Figure 2.3 demonstrates some of the automotive applications of
MEMS devices. These automotive sensors range from air-conditioning sensors to Engine
Management Systems (EMS).
MEMS devices also have the advantage of being easy to manufacture in large
volumes at low cost. It is for these reasons that such systems have moved from being rare
custom made devices to being incorporated into more and more areas such as bio
medical, automotive etc [6, 9, 29].
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Figure 2.3: Automotive applications of MEMS technology [7].

Custom designed Microsystems are interesting but also have limited marketability
due to their high cost of fabrication [30,32]. The real market in MEMS devices is through
the implementation of such devices in typical every day products such as cars, leisure
appliances or bio-medical applications. This sort of market requires cheap easy to use
components with good reliability and suitable for mass production. This requires a
standardised production system using cheap and readily available materials and as little

10

manpower as possible. Such a production system already exists in the IC (Integrated
Circuit) industry. ICs can be fabricated with the sensing element incorporated, thereby
allowing batch production at a high volume and low price. For example the CMOS
fabrication processes encountered in this work for the fabrication of MEMS capacitive
pressure sensors [3, 19].
Microsystems are expected to function in a wide variety of environments, some of
which can be extremely harsh. Typical environments are as follows [20, 33-35]:

•

High temperature (120-200(°C) in a humid atmosphere.

•

High temperatures > 200(°C)

•

Abrasive or erosive environments.

•

Corrosive liquids or gasses.

•

Low temperatures.

Some typical product areas where such environments may be found are as follows:
Car tyres.
Engine related components.
Inside a human body.
Air conditioning systems.
Home appliances.
Water supply systems.
Oil platforms.

Consideration must be taken of the environment in which the microsystem is intended
to function at an early stage in design. This is one of the major problems in the field of
MEMS. The sensing element must be protected from the environment but must also be in
contact with the environment. The topic of MEMS packaging will be further expanded in
section 2.8.
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2.2.2

MEMS Pressure Sensors
The particular MEMS devices that this work is concerned with are capacitive

pressure sensors. An applied pressure results in the deflection of an electro-statically
charged plate. This displacement is registered as a change in the capacitance of the
circuit. A cross-section diagram of the pressure sensor can be seen in figure 2.4.
Polysilicon Diaphragm

Applied Pressure

Figure 2.4: Schematic cross-section through a capacitive pressure sensor.

In this particular system a polysilicon diaphragm is the charged plate, which
undergoes an elastic deformation due to the application of an external applied load. The
electrical contacts facilitate electrical communication with the outside world so that the
change in capacitance can be measured by the on-board CMOS electronics in the
underlying silicon substrate [3]. The sealed evacuated cavity provides a void for the
diaphragm to displace into. The evacuated cavity as well as two layers of silicon dioxide
and silicon nitride acts as the dielectric. It is clear from the illustration that the sensor is
made up of many differing layers of various materials. Such devices are manufactured
layer by layer using techniques developed for the fabrication of Integrated Circuits (ICs)
[1,3,4,6,11,19,21,24,33].
Many different processes are involved in manufacturing such a device. Each
fabrication step is conducted at a different temperature e.g. 300 °C for a nitride deposition
to 590 °C of the polysilicon diaphragm [27, 28], and can have a variety of different
effects on the behaviour of the device. ITe specific effect that this project is concerned
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with is the effect of residual strains in the poly-silicon membrane due to the fabrication
steps. Such residual stress could either cause the membrane to fail due to fracture, render
it so stiff that its response is of no practical use or the buckling load could be exceeded
for the membrane.
Finite Element Models can be used [13,21,22,41,52] to simulate this complex
system in order to determine the behaviour of the sensor element. Finite element analysis
is discussed in chapter 6. Accurate modelling is of crucial importance in assuring the
repeatability of the sensor, i.e. each sensor manufactured conforms to a standard and to
eliminate any problems encountered in manufacturing the sensor. Finite Element
Analysis can dramatically cut down on the time and cost of research and development
and as a result is utilised in this work.

2.2.3

Polysilicon to Polysilicon and Polysilicon to Silicon Capacitive Pressure
Sensors
There are two similar pressure sensors explored in this work. The first is a

polysilicon to silicon sensor. This sensor uses the underlying silicon substrate as the
bottom capacitor plate. This has the disadvantage that a significant amount of parasitic
interference is created by the use of the silicon substrate resulting in a poor quality
capacitance signal as the output. The second sensor type explored is a polysilicon to
polysilicon sensor. In this case a polysilicon “island” is created, isolated from the
underlying substrate and the sensor is fabricated on top of this “island”. This requires
additional manufacturing steps but there is less parasitic interference, as the silicon
substrate is not used as the bottom electrode [29]. A Scanning electron microscope image
of such a structure can be seen in chapter 3, figure 3.6A and 3.6B. These sensors are
illustrated in figure 2.5.
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Figure 2.5: Schematic cross-section through the sensor types studied in this work, (a)
capacitor bottom plate is an isolated polysilicon layer, (b) capacitor bottom plate is
silicon substrate [29].

2.3

Forces in pressure sensor system

The capacitive pressure sensor in this work is subjected to a wide variety of
different forces, which influence its behaviour. Environmental factors such as pressure
and temperature changes during operation affect the function of the device. Residual
stress, a by-product of the manufacturing and packaging processes, can be desirable or in
some cases a hindrance to the successful function of the sensor [81]. Also the
electrostatic attraction between charged plates is a significant force. This combination of
forces must be quantified and successfully modelled if a reliable packaged sensor is to be
manufactured. It is for this reason that a behavioural model is required.
MEMS devices are composed of a number of different materials that have different
thermal expansion coefficients. Stresses due to these mismatches occur during
fabrication, testing, shipment, and operation. Since the device components are usually
fabricated at elevated temperatures, they can exhibit residual thermal stresses over their
operating temperature range [41]. In addition to stresses caused by the fabrication
process, stresses are also caused by the ambient temperature in the environment where
the device must function i.e. an increase or decrease in the local ambient temperature can
create residual stresses due to the unequal expansion or contraction of the materials in the
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system. These residual stresses can be tensile or compressive in nature. A tensile stress is
more desirable for the pressure sensor diaphragm encountered in this work, as it provides
a rigid membrane structure and prevents buckling. Therefore the diaphragm will displace
into the sensor cavity. Typical residual stresses, which result from the device
manufacturing process, are in the region of 50 MPa to 200 MPa [3]. If the residual stress
is compressive the diaphragm will buckle into the cavity and may touch the bottom of the
cavity. This is the means by which touch mode capacitive pressure sensors function but
this is outside the scope of this work [13, 40].
Another force present in the system is the electrostatic pressure applied to the whole
membrane when a potential difference is applied between the capacitor plates. This
results in a displacement of the sensor diaphragm, which is proportional to the magnitude
of the potential difference and the sensor gap. It is also important to note that the
electrostatic pressure is non-uniform as it depends on the deflection point of the
diaphragm [42,43]. In order to correctly understand the behaviour of the sensor this force
must be included in the models of the sensor system. This also facilitates the extraction of
capacitance values for an applied pressure.

2.3.1

Manufacturing Steps for MEMS Devices
Polycrystaline silicon has emerged as a preferred material for surface

micromachined applications because of its compatibility with standard CMOS processes
[15, 53]. The initial attraction of this material was the materials ability to deposit
semiconductor layers on a wide variety of substrates. However it was with the
development of surface micromachining that it received most attention. The ability to
deposit polysilicon on oxide meant that free-standing structures can be fabricated and this
has led to the successful fabrication of a wide range of devices [44].
Essentially silicon micro machining involves forming and removing as the two
primary processes. Primary forming processes create an original shape from a molten
mass, gaseous state, or from solid particles. During such process, cohesion is created
among particles; examples include plastic moulding, metal deposition by evaporation or
sputtering, and electroforming. Removing processes remove material, destroying
cohesion between particles; examples are wet and dry chemical etching and
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electrodischarge machining (EDM) [45]. This results in the creation of freestanding
structures. Such structures could be a micro-motor or gear system or, as in the case of this
project, a pressure sensor [27,47-49]. Figure 2.6 lists some of the different process used
to manufacture MEMS devices. Micromachining processes were developed exclusively
to fabricate mechanical structures on silicon wafers whereas the IC processes were
developed for the IC manufacturing industry. The following section outlines the
fabrication of a capacitive pressure sensor.

\IEMS - Processes

IC Processes
Processes
Surface Micromachining
Wafer Bonding
Bulk Micromachining
LIGA
Micromodeling
Deep Silicon RIE
etc.

Diffusion
Oxidation
Photolithography
Sputtering
LPCVD
Epitaxy
etc.

Figure 2.6: MEMS Manufacturing Process’s.
MEMS manufacturing technologies make devices ranging in size from millimetres to
microns. Silicon surface micro-machining makes completely assembled mechanical
systems at very low cost. Silicon bulk micro-machining uses either etches that stop on the
crystallographic planes of a silicon wafer or etches that act isotropically to generate
mechanical parts.
These techniques combined with wafer bonding and boron diffusion allows
complex mechanical devices to be fabricated. [46] This technology makes miniature parts
with a high degree of accuracy, in the micron domain. Micro-mechanical parts tend to be
rugged, respond rapidly, use little power, occupy a small volume, and are often much less
expensive than conventional macro parts.

16

The various layers of sacrificial and structural material are often deposited at very
high temperatures. This results in very high residual stresses in the finished component.
As part of the manufacturing process annealing is often preformed in order to remove
these stresses but it is impossible to totally remove these stresses. Furthermore the entire
system is often encapsulated in plastic, as this minimizes packaging costs. Alternative
packaging materials include ceramics and Pyrex glass. As previously mentioned the
purpose of this packaging is to facilitate electrical communication with the outside world
and also to protect the delicate system from the environment.
In the context of capacitive pressure sensors it is preferable that the sensor
element be in tension, like a drum skin and will displace into the sensor cavity. However
if the diaphragm is over tensioned its sensitivity will be impaired and could undergo
catastrophic failure [29]. On the other hand, if the diapliragm is subjected to a
compressive load the diaphragm will buckle and be of no use as a sensor. (Note. This
forms the basic principal behind touch mode pressure sensors [27,40,42,43] but is beyond
the scope of this work)
The pressure sensor, which is being investigated in this thesis, is a poly-silicon
surface micro-machined absolute pressure sensor that will integrate into any existing
CMOS process [36]. The cavity in the chip is hermetically sealed and vacumized, and has
a through-going hole serving as pressure inlet. With increasing external pressure the
sensor diaphragm deflects downwards and when the pressure is removed the diaphragm
returns to its original position. This project aims to provide a useful tool for simulating
the state of stress in the sensor membrane due to the effects of combined forces in the
system.

2.3.2 Manufacturing Steps for Capacitive Pressure Sensors
The capacitive pressure sensor under investigation is manufactured using the
silicon micro-machining processes mentioned in the previous sections. This section will
give an outline of the various steps involved and the temperatures at which they are
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conducted. Knowledge of fabrication process is relevant in order to understand the
magnitude of residual stress created during fabrication.
Firstly a layer of silicon nitride is deposited on top of a silicon substrate. This has
the dual purpose of protecting the CMOS circuitry from the sensor manufacturing process
(which can be highly aggressive)[3] it also acts as a dielectric layer for the capacitor
circuit. This takes place at 300 °C and is illustrated in fig. 2.7.
Nitride protection layer
deposited post CMOS poly reoxidation

Area where sensor
will be formed

CMOS gate poly, bottom plate of sensor

Figure 2.7: Nitride coating of underlying CMOS circuitry.
Next a thick layer of heavily boron doped PSG (Phosphosilicate glass) is
deposited and etched. This forms “Islands” which will form the sensor cavity in
subsequent manufacturing operations. This is a sacrificial layer the removal of which
creates the poly-silicone membrane. The thickness of the thick PSG layers determines the
cavity height. Next a thin layer of PSG is deposited. This thinned sacrificial layer covers
the complete wafer and is then patterned and etched so as to form a series of oxide
channels extending outward from the “islands” of the thick sacrificial layer. These steps
are followed by an annealing process at 805 °C in order to expose the silicon oxide to the
temperature it will encounter during the polysilicon anneal and thereby ensure it will not
shrink during this step. This is illustrated in fig. 2.8.
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PSG thin and PSG thick sacrifical layers

Figure 2.8: Deposit sacrificial PSG layers.
The next step is the deposition of a thin layer of sensor polysilicon over the entire
wafer which will become the polysilicon sensor diaphragm. This is illustrated in figure
2.9.

This

takes

place

at

605

®C.

The

sensor

polysilicon

then

receives

a

recrystallisation/activation anneal at 850 °C. The polysilicon is then patterned and etched,
leaving polysilicon covering the PSG “islands” and also leaving the channels of thin PSG
protruding from beneath in order to facilitate etching of the sensor cavity.

Note thin PSG etch channel

Sensor Polysilicon over
sacrifical PSG layers

Figure 2.9: Deposit poly-silicon.
This is followed by a number of intermediate steps ending with the wet etch of
sacrificial layers to create the sensor cavity. The wafers are then rinsed in deionised water
and methanol and dried, fig. 2.10. This leaves the poly-silicon membrane structure
bonded to the nitride layer, which will form the diaphragm of the sensor.
It is critical that during the rinse/dry section that the diaphragm does not stick to
the substrate. This is referred to as touch-down and can result from capillary forces of a
shrinking droplet pulling the diaphragm [43,51] taking effect once the surfaces come into
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contact. This can result in stiction or the permanent stieking of the diaphragm to the
substrate. This would render the sensor useless.

Figure 2.10: Removal of sacrificial structures.
The final step in the manufacturing process is the sealing of the etch channels
using a CVD (Chemical Vapour Deposition) layer, figure 2.11. This ereates an evaeuated
cavity, which forms the void into which the diaphragm, displaces due to an applied
pressure. An ideal CVD process will deposit conformally on all surfaces, including inside
the etch channels and inside the cavity, however the use of the thin PSG layer means the
etch channel height is much less than the cavity height therefore the etch channel will
pinch off or “plug” and seal before significant deposition occurs inside the cavity. The
pressure inside the cavity is the same as that of the seal deposition process, which is in
the region of 19 Pa [29]. Finally the sealing layer and the protective nitride layer are
etehed off the wafer surface (except for the sensor areas). The wafers may then eontinue
normal CMOS processing.
The sensor polysilicon diaphragm must be exposed to ambient at the end of the
process in order to allow it to sense pressure changes in the environment. The passivation
and interlayer dieleetries over the sensor must be removed in order to accomplish this. A
standard passivation mask or one fabricated specifically for clearing the sensor is used to
remove these layers.
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Etch channel seal

Vacume cavity

Figure 2.11: Seal etch channels.
Next the silicon wafer is cut into individual dies. Theses are bonded to lead
frames and have leads connected between the lead frame and the electrical connections
on the die surface. This provides electrical contact with the outside world and also
provides some mechanical stability for the die.
Finally the entire sensor is encapsulated in plastic. This step might seem rather
straightforward but the stresses induced at this point are of critical importance [36]. To
reduce costs, a micro-system may be packaged in plastic but because of CTE mismatches
between different materials within the micro-system, the packaging process may generate
high levels of stress, which can negatively affect the system’s operation and reliability.
Much of the failures in such pressure sensors can be attributed to package induced
stress [36]. Such errors can range from failure due to touch down or a lack of
repeatability in the behaviour of the sensor. Packaging is limiting the commercialisation
of Microsystems in two ways; packaging costs are up to 80% of the total cost of system
fabrication, yet problems due to packaging account for three quarters of failures in
working parts [36].

2.4

MEMS Product Classes
MEMS device fall into five product classes, which are related to their different

packaging requirements. All MEMS devices move, but the mode and the purpose of that
motion determines the packaging requirements. The list below indicates some of the
basic modes of motion [67].
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Cork Institute of Technology

•

Deformation: no moving parts that touch; mostly bending or twisting
(accelerometers)

•

Moving parts with no rubbing.

•

Moving parts rubbing, no impact.

•

Motion with impact.

•

Moving parts with rubbing and impact.

Thus far the industry has dealt mostly with type 1 where the package can be somewhat
conventional. The pressure sensor in this work falls into the first category with the
deforming component being the sensor diaphragm.

2.4.1

Effects of Residual Stresses in Capacitive Sensor Fabrication and Packaging
The behaviour of MEMS systems is greatly influenced by residual stresses

created by the differing coefficients of thermal expansion in the many materials used and
the high fabrication temperatures involved. Residual stresses results in warpage of the
membrane and of other elements of the sensor system [56]. These stresses may be
compressive or tensile. Such stresses can result in failure due to buckling in compression,
exceeding the yield strength in tension or as a rotation at the supports resulting in
distortion of a component [57]. This can be clearly seen in figure 2.12 these
micromachined titanium beams manufactured by the National Microelectronics Research
Centre (NMRC) are warped quite dramatically out of plane. This warpage is due to
residual stress created during fabrication.
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Figure 2.12: Warping of Titanium beams due to residual stresses created during
fabrication. Pictures courtesy of the NMRC.
High temperatures associated with MEMS component fabrication may cause
structures to become highly stressed. A thin layer, deposited at an elevated temperature,
develops internal residual stresses on cooling to ambient, which are proportional to the
change in temperature. When many layers are deposited at different temperatures, as in
the case of Microsystems, the coefficient of thermal expansion mismatch between
different materials causes further stressing of the structure. I’he magnitude of this internal
stress is proportional to the change in temperature and the CTE mismatch between the
materials involved. Additionally, as the microsystem component is subjected to an
environmental temperature during operation, the level and nature or sign of the stress
may change, thereby influencing its operation [52].
Xhang et al. [58] have termed residual thin film stresses as either small-, middleor large-valued with values ranging from lOMPa to 400MPa based on published data of
residual stresses typically employed in MEMS films. These residual stresses must be
included in the behavioural models if a true picture of the sensor elements behaviour is to
be established. The Finite Element Analysis package ANSYS has the capability of
including residual stresses in a model and its accuracy and suitability will be established
by comparing analytical data from simple beam and plate structures.
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2.4.2

MEMS Residual Stress Measurement Techniques
In order to facilitate design optimisation it is necessary to be able to measure the

residual stresses induced during fabrication. There are many different methods that can
be employed by a micro-system designer to measure the level of internal stress induced in
a microsystem due to fabrication. These include the use of a composite layer, the
buckling or rotation of micro-structures, the electrostatic deflection of fixed-fixed beams,
the use of Raman spectroscopy [31] and XRD (X-ray Diffraction Method) [54]. A
number of these methods function better for the measurement of compressive stress
whereas others are more suited to tensile stress. A number of these methods can be used
in both cases. An excessive tensile stress may lead to film cracking, while a compressive
stress may result in film buckling or delamination [58]. The following section will
describe these methods of stress measurement in more detail.
The first method, which may be employed, is through the use of micro-rotating
structures. These structures are formed using deposition and etching techniques. Such a
structure can be seen in figure 2.13.

Figure 2.13: Free standing structure for residual stress measurement.

As can be seen, the fixed beams, when detached from the under-lying sacrificial
layer, are free to expand or contract as a result of the released compressive or tensile
stress. Necks (with width and length) were designed herein to narrow the connection
between the rotating beam and the fixed beams and thus enhance the sensitivity of the
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structure. The two fixed beams are eonnected off-centre to opposite sides of the rotating
beam as shown in the figure. Thus, the displacement of the fixed beams due to the
released residual stress leads to the deflection of the rotating beams. [58] This method of
stress measurement has been validated through comparison with FEM models of the
system [58].
Another suitable method is to use Interferometry for Material Measurement in
MEMS (IMaP). This method is a technique that uses out-of-plane deflection
measurements of electro-statically actuated cantilevered and fixed-fixed beam test
structures to determine material properties. It has been demonstrated that this method
works for measurements Young’s Modulus, stress gradient, residual stress, adhesion, and
fraeture strength [93]. Typieal structures can be seen in figure 2.14.

^ J|

56 microns

Figure 2.14: Mieromachined fixed-fixed beams used for IMaP measurements.

As these fixed-fixed beams deflect (under electrostatic actuation), the axial force
through the beam causes a stiffening to oecur, changing the defleetion of the beam.
Because residual stress is an important part of this axial force, the deflected profile of the
beam depends strongly on the magnitude of the residual stress. Either tensile or
compressive forces may be measured [93]. The beams in figure 2.14 have such a strong
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residual stress that some of the beams have deflected downwards to the point of contact
with the substrate [59].
The stress deflection profile is measured along the full length of the beam using
an interferometer to within approximately 10-nanometer resolution [93]. Material
properties are then determined by finding the best fit of a finite difference model to the
measured deflection curve. The complete deflection information allows the support
compliance to be calculated, improving the resolution of the extracted properties [99].
This method allows the measurement of stress down to sub megapascal accuracy in the
region of +/- 0.5 MPa accuracy.
The residual stresses generated during packaging are clearly of great importance
as it can greatly affect the behaviour of MEMS devices and with particular relevance to
this work the behaviour of capacitive pressure sensors. As a result of this a means of
measuring these residual stresses and including them in the FEA models of the system is
of great importance [102].

2.5

Finite Element Analysis

Finite Element Analysis (FEA) is a numerical method that allows full 2dimensional or 3-dimensional simulation of complex structures. The analysis can be
static, harmonic, modal and transient; linear or non-linear [70]. Multiple forces such as
applied load, thermal, residual stress, electrical and magnetic can be modelled
Finite element simulation divides the structure of interest into small similarly
shaped elements, each element containing a specific number of nodes. A matrix of
equations appropriate to the physics of the problem (in this case structural and
electrostatic mechanics) is developed for all the nodes and solved for the given set of
boundary conditions. The fundamental matrix equations relate stress to strain [29].
The work presented here used the commercially available software ANSYS to
undertake the analysis, details of the solid model that was developed for this project and
the input files used in this work to describe the sensor are given in appendix 4. ANSYS
parameter design language (APDL) provides a convenient way to realize the coupling
between the electrostatic and structural domains encountered in this research. The topic
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of FEA is a significant discipline itself and the interested reader is referred to the theory
and analysis manuals of ANSYS [71].
2.6

Current State of the Art in MEMS Simulation
The rapid progress in microsystem technology is increasingly supported by

MEMS specific modelling methodologies and simulation tools. These not only allow the
visualisation of fabrication processes and operational principles, but they also assist the
designer in making decisions with a view to finding optimised microstructures under
technological and economical constraints. In order for such simulation methodologies to
be accurate the treatment of coupled-fields and coupled domains required for setting up
physically based models for full system and mixed-mode simulation, and for the reliable
validation and calibration of the models [72].
Using numerical simulation, the behaviour of a complex system can be
investigated faster and cheaper than by experimental investigations. The traditional
experimental method of developing new Microdevices involves several design and
fabrication cycles, until given specifications are satisfied. Computer Aided Design (CAD)
can reduce the number of costly trial and error steps and decrease the tum-around times
of development cycles. Hence, modelling and numerical simulation is widely accepted as
a cost-effective and timesaving approach.
It is an inherent problem of microsystem modelling, that most of the constitute
elements, couple different energies and physical domains such as thermal, fluidic and
others such as electrical and chemical. As a consequence, models must be developed that
take into account a large variety of physical coupling effects on the device level as well
as on the system level. This processes is further complicated by the inclusion of
packaging.
There are two main objectives to modelling and numerical simulation: firstly,
enhanced physical understanding of operational principles and secondly, aid in making
decisions in the (re-)design of the system. Such design optimisation has been applied to
MEMS device modelling in a wide variety of circumstances such as flow sensors [73]
where resonant silicon microstructures with electrothermal excitation and resistive
detection with NiCr strain gauges is used for sensing fluid behaviour, microelectronics
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design [74] where software for the modelling of injection moulding is discussed or the
development of general modelling strategies using FEA [75].
There has also been extensive work on the modelling of electrostatic sensor and
actuator

systems,

such

as:

analytical

models

of comb-drive

actuators

[76],

electrostatic/mechanical behaviour of capacitive touch mode pressure sensors [13] and
electrostatic gyroscopic systems. [77]. More significant to this project FEA has been
effectively applied to the design of microsystem packaging such as: open window quad
flat packages for optical sensors [65], a thermally operated intelligent micropump [41]
and coupled package device modelling [41].

2.7

MEMS Profiling
Due to the scale at which MEMS devices exist there are obvious problems in

measuring the behaviour of such structures. To measure such a rudimentary thing as
displacement is extremely difficult and it is essential to have reliable data in order to
predict the behaviour of MEMS devices. In recent years a variety of different methods
have been developed to perform precision measurements at this level, some of these
methods are described in this section. Scanning White Light Interferometry (SWLI) is
used to validate the behaviour of the pressure sensor investigated in this work [78].
SWLI is a non-contact measurement technique is well suited to the measurement
of MEMS devices as it allows for simple measurements while the device is
electrostatically deflected towards the substrate. It is also used to assess the validity of the
models used in characterising the mechanical behaviour of fabricated structures. SWLI is
employed in this thesis to investigate the behaviour of the pressure sensors. Analog
devices Limerick fabricated prototype sensors for the NMRC (National Microelectronics
Research Centre), in order to provide further validation of the device models [79, 80].
This topic is further explored in chapter 6.

2.8

Microsystem Packaging
Micro-system packaging is of great concern in the field of MEMS design. The

reliable functioning of these devices is crucially dependant not only on how they are
manufactured, but also on how they are packaged. The function of packaging is to protect
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the device from the environment in which it is placed, while at the same time facilitating
electrical and environmental contact with the outside world. The current trend in 1C
packaging is to encapsulate devices in plastic. However the encapsulation process can
impose severe stresses on these devices. This topic is beyond the scope of this work but
the author felt it was prudent to provide some background on this topic.
The stresses induced by the manufacturing steps and also the encapsulation
process, are a well-known problem in the field of Integrated Circuit (IC) manufacture
[61]. The resultant stresses induced during packaging posses severe reliability problems
for conventional packaging in terms of cracked die and warpage. While a 300 pm die can
withstand stress levels of approximately 1 ton/cm , the membrane of a pressure sensor
can be many orders of magnitude thinner. Such forces can have highly detrimental effects
on the behaviour of the sensor element and may even lead to its destruction [50,61].
Packaging of the device results in a large residual stress due to Coefficient of
Thermal Expansion (Cl’E) mismatch, especially when plastic is used as the packaging
medium. Encapsulation stresses are generally compressive due to the high coefficient of
thermal expansion of encapsulating materials. Problems due to packaging can account for
up to three quarters of failure in working parts [36]. Encapsulation results in large
residual stresses of the order of 100 MPa, which poses severe reliability problems for
conventional IC’s. [37]. This poses severe reliability problems for conventional
packaging in terms of cracked die and passivation, and excess warpage. A great deal of
research has been undertaken by material manufactures to produce epoxies and
encapsulants that generate lower levels of residual stress [55].
Residual stress is often a function of temperature so that sensors designed to
operate in thermally changing environments needs to be designed with this in mind [41].
The encapsulation process is generally a transfer moulding process, which typically takes
place at a temperature of about 170°C with an encapsulatant CTE in the range of 1218ppm/°C (seven times that of silicon [60]) and an elastic modulus up to 20 GPa.
Following the encapsulation process there is a contraction of the moulding compound as
cooling occurs. This leads to a build up of compressive and shear stress on the die-surface
and tensile stress in the encapsulant. The stress at the interface between the two materials
may result in the creation of a delamination, which can spread, often under thermal
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cycling. A delamination provides a simple route for moisture ingress leading to
popcoming [62, 63]. One of the main goals of IC packaging is to keep moisture out of the
package.
In the case of the pressure sensor, when the temperature is lowered to room
temperature after moulding, the thermal expansion mismatch induces a compressive
stress in the sensor element, creating a bending moment on the diaphragm [29,68]. The
resulting non-uniform stress distribution in the diaphragm causes an initial curvature in
the diaphragm [61].

2.8.1

Why is micro-system packaging of interest?
While microsystem development has been undergoing rapid growth in recent

years, microsystem packaging development is often neglected, even though it is usually a
major cost component and essential for the commercial success of the complete
microsystem [36]. This is clearly visible in figure 2.15. It can be seen in this figure that
there has been a great deal of research into microsystem technology in the last ten years.
However, research into micrsosytem packaging has lagged far behind, a trend, which has
been slow to change.
Indeed packaging costs are up to 80% of the total cost of system fabrication and
also problems due to packaging account for three quarters of failures in working parts.
[37]. Therefore the commercial success of a microsystem is dependent on the
development of a successful packaging methodology [23].
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Figure 2.15: Number of MEMS publications and number of MEMS packaging
publications since 1990 [39].
Packaging of (CMOS-based) Microsystems

is a challenge not to be

underestimated. On one hand, the packaging has to protect delicate micromachined
structures, possible on-chip circuitry and electrical interconnections to ensure long-term
stability and reliability of the Microsystems [38]. On the other hand a microsystem needs
to sense the environment requiring a window or opening onto the outside world to access
the quantity of interest. Examples of such packages are open window and flip-chip
packaging [25, 16, 41,64,65].

2.8.2

Packaging Background
Packaging of a (CMOS-based) microsystem is non-trivial. All pressure sensors

have to be open to the surrounding environment if a shielding membrane is not used. This
form of membrane protection is often difficult to implement and necessitates a more
complex design and a higher cost. If the sensor element is open to the environment there
will be interaction between the contents of the environment be they particulate, gaseous
or liquid, and the sensor element and the die attach material.
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Successful packaging design requires a detailed knowledge of packaging,
materials, reliability, and an understanding of the limits of current packaging technology.
The main function of a package is that it should protect the IC from its environment. It
should: (a) physically isolate the IC from harmful elements in the environment including
moisture (b) provide mechanical support for the die (c) facilitate the dissipation of heat;
(d) provide electrical connection to the outside world [52].
Much of the technology developed in the IC packaging industry often benefits the
microsystem packaging industry. However, while a variety of standard packages exists
for the IC industry, [2] the packaging of MEMS often relies on more customised
solutions. Due to their success, packaging for silicon pressure [38] and acceleration
sensors are most advanced. Some typical commercial packaging solutions are displayed
in figure 2.16.

Bosch, D
Acceleration
Leaded Chip Carrier

SensorNor, NO
Eurasem, NL
Pressure SP12
Image Sensor
Small Outline Package Leaded Chip Carrier

Figure 2.16: MEMS Packaging strategies [39].

Although microsystem packaging is often derived from conventional packaging.
Microsystems place additional demands on packaging techniques, which are outside the
normal requirements of IC packaging. One of the fundamental differences between
microsystem packaging and 1C is that the microsystem generally interacts with the
environment in which it is placed. An additional constraint imposed on the microsystem
is that it must protect the environment from its own materials and operation, so that no
undesirable reaction with or contamination of the environment occurs [55].
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This is especially important for sensors used in bio-medical, pharmaceutical and
food processing. In the food and drug industries the main concerns are; (a) the reaction
with the sensor environment; (b) toxic products from the operation; and (c) sterilization
in the case of implantable pressure sensors for biomedical applications [11], the human
body tend to coat foreign bodies with fibrous connective tissues which could alter the
sensitivity of the sensor [52].
There are a variety of methods employed to facilitate contact with the outside
world. Many of these solutions are for custom application, however methods are
presently being developed that are more generic and can be applied to a variety of
different MEMS sensors and devices. These are discussed in brief in the following
sections.

2.8.3

Common Packaging Methods for MEMS

Due to the early stage of research into MEMS packaging techniques there are few
“standard” packaging methodologies. This is due to the fact that packaging is usually
developed for individual packages. In order to mass-produce MEMS sensors generic
methods must be developed. In the following sections some of the existing methods are
described.

2.8.4

Open Window Packaging Concept
This involves the use of a low-cost reliable transfer moulded packaging concept

that is referred to as “open window” [64,65]. This packaging concept allows the active
area of the device to be exposed to the outside world while the rest of the chip and leadframe [64] are covered by plastic, as in a standard plastic package. This can be seen in the
case of a pressure sensor illustrated in figure 2.17. This method can be used in a wide
range MEMS sensors such as optical, pressure, flow or chemical sensors [65].
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Figure 2.17: SensorNor pressure sensor [39].
This packaging method can be achieved with a customized insert in the standard
moulding equipment, removing the need for specialised equipment. A single access-path
package using a mould equipped with a gel-coated nipple, figure 2.18, details the process
[64]. During the moulding step the gel at the top of the nipple is in contact with the
surface of the device. After the moulding step is completed the insert is removed
providing an access path to the sensor itself

Figure 2.18: Exchangeable nipple with flexible material in contact with die surface
enables cavity formation during molding process [39].

The outcome of this is a plastic package with one or more environmental access
paths. The major advantage with this method is that up to the moulding step the whole
process is compatible with standard lead-frame processing. The final cost of fabrication is
comparable with that of a standard package [64] such as a Quad Flat Pack QFP. For one
access path or multiple non-connected access paths a single moulding step is necessary,
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i.e. in the case of a single access package for chemical sensing or two access paths in the
case of a differential pressure sensor. Some possibilities are highlighted in figure 2.19.

Figure 2.19: Detailing single-access package and a differential pressure package [64].

Figure 2.19: (cont.), detailing channel access package for chemical sampling [64].

Depending on the type of encapsulated sensor, post-work may be required, such
as customised entry lids for adapting the access entries. Glass lids, plastic lids, lids for
filtering contaminating particles, etc., can be glued in place over the access paths,
according to the unique needs of the sensor as can be seen in figure 2.20.
glass lid

sensor cavity
bonding wires
(protected)
Figure 2.20: Detailing open window packaging technique [39].
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Another possibility is the fabrication of specialised covers or “caps” which cover
the die surface and only facilitate environmental contact with the sensing elements on the
die surface. This method is known as chip-on-cap or zero-level packaging. This cap
essentially creates a micro-hermitic package well suited for accelerometers and
gyroscopes [67]. At the present microcaps are made of silicon to achieve a perfect match
of materials and reduce the effects of differential thermal expansion. However, the thin,
flexible silicon cap may require a pre-moulding step to prevent collapse due to high
moulding pressures. Caps can be fabricated at the wafer level using micromachining and
post-packaging release of microelements on the chip after it is housed and protected. This
can be achieved through sublimation (the change of a material directly from the solid to
gaseous medium) releases techniques or vapour phase release techniques [66]. This
method is illustrated in figure 2.21.
|1. Apply cap to device or wafer;
IsokJer, weld. bond.
Mny nqim gel ccol
k> pralBct Sw op

2. Attach & bond device I

3. Conventional
overmolding followed
by solder ball attach.

Figure 2.21: Detailing the cap-on-chip over moulding packaging method.
Other similar methods of zero-level packaging worthy of mention are the creation
of a hermitically sealed glass-silicon package formed by rapid thermal processing (RTF)
aluminium-to-silicon nitride bonding [69]. This bonds silicon nitride with a glass cap
using aluminium as the bonding materials [87] providing a protective housing for MEMS
devices.

2.9

Conclusions
This chapter has explored the current state of the art MEMS modelling,

manufacture and measurement. The applications of MEMS devices and the qualities that
make them superior to other electro mechanical systems (miniaturisation, low power
consumption, quick response times etc.) are discussed as well as the limitations, which
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are essentially difficulties in design and fabrication of devices at the micron to nano level.
The current market for such devices is explained as well as the motivation behind this
work.
The MEMS capacitive pressure sensor is introduced and its functional principle
defined. Its structure, mechanical behaviour and component materials are described. Also
the two alternate sensor structures encountered in this work, namely polysilicon to
polysilicon and polysilicon to silicon, are detailed. The various forces in the capacitive
pressure sensor, such as voltage, residual stress, pressure etc are explained.
The various fabrication methods employed in the manufacture are considered and
the specific process steps required to fabricate the capacitive pressure sensor are
developed. The finite element analysis method is also introduced and also a means of
non-destructive testing of a fabricated device using scanning white light interferometry is
outlined.
Finally problems induced during fabrication are also explored and the effect of
residual stresses on the behaviour of the sensor. The topic of packaging of such devices is
explored and also the unique problems with packaging MEMS devices i.e. the
requirement for contact with an external possibly hostile environment. Also some of the
various requirements of packaging is developed such as hermicity, thermal behaviour,
chemical stability and their effect on the pressure sensor. A number of different methods
utilised specifically in the packaging of MEMS devices are considered.

This

chapter

provides the reader with a description of the current state of the art as well as outlining
the necessity for a better understanding of the behaviour of MEMS pressure sensors and
the effects of plastic encapsulation. The means through which the project is undertaken is
discussed and also the forces in the sensor svstem are illustrated.
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Chapter 3: Behavioural Models for Classical Structures
3.1

Introduction
MEMS structures are based on classical structures i.e. they are composed of

beams and plates. In order to develop models of complex systems it was necessary to
develop FEA models of classical structures and establish a suitable methodology for
modelling such structures. The mechanical properties of mono and polysilicon will be
discussed. To that end this chapter details 2D and 3D models of classical structures
such as cantilevers, fixed-fixed beams and clamped circular plates. These structures
are subjected to applied point loads, pressures and residual stresses. The outputs from
these simulations are compared to classical analytical formulae for such structures.
The difference between linear and non-linear approximations is also investigated as
some MEMS devices behave non-linearly.
The mechanical behaviour of the pressure sensor is simulated and a sensitivity
analysis undertaken to establish the effects of altering the various mechanical
parameters of the system and the mesh density. Contact behaviour is simulated and
also the error created by modelling the system in 2D rather than 3D is investigated.
3.1.1

Stresses in Polysilicon Membranes
While the mechanical properties of polysilicon have been demonstrated as

suitable for pressure sensing membranes the deposition, doping and annealing used to
manufacture the deposited film typically create high internal stresses within the film
itself [139]. During the deposition process, a bi-axial residual stress field is usually
developed in polysilicon thin films [81]. The stresses of relevance to the performance
of the diaphragm are the in-plane “horizontal” stresses and the “vertical” stress
gradient through the diaphragm from top to bottom of the film. These stresses affect
the initial shape of the diaphragm and also the mechanical behaviour and can cause
the sensor to behave out of specification [82].

3.1.2

Mechanical Properties of Polysilicon as a Pressure Sensor Diaphragm
Silicon is a “brittle” material in that it exhibits little or no ductility (i.e. no

plastic behaviour) before it yields and is linearly elastic up to the yield stress at which
point the material fractures [85, 86]. This makes it a suitable material for use in the
manufacture of a repeatable pressure-sensing diaphragm provided the fracture stress
of the material is higher than the working stress the diaphragm will encounter in
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service, which is typically the case for silicon [87]. In the case of the polysilicon
diaphragm of the pressure sensor the fracture strength of the polysilicon defines the
maximum depth of the sensor cavity and the thickness of the diaphragm. This is
because if a large enough pressure is exerted on the sensor diaphragm that it
encounters the bottom of the sensor cavity (known as touch-down) it will not fail as it
can not displace further and enter the plastic region. This provides a degree of
overload protection. As a result of this the sensors, which are the focus of this work
have an absolute pressure range from 0.0 MPa to 0.13 MPa. At pressures beyond the
upper limit of 0.13 MPa the diaphragm displaces to the point that it encounters the
bottom of the sensor cavity. This pressure range is small range but suitable for a
differential pressure senor to measure pressures less than atmospheric.
The tendency of silicon wafers to fracture during IC manufacture under what
seem to be low loads is due to defects and residual stress already incorporated in the
silicon rather than an intrinsic weakness of the silicon itself [88, 89]. In fact, when
thinned down to the order of ten microns or so a silicon wafer is flexible and can be
bent through 90 degrees without breaking, this is because at this thickness there are
relatively few defects incorporated into the film and it displays its true intrinsic
nature. This is demonstrated in figure 3.1:

Figure 3.1; 10 pm thin single crystal silicon membrane, Virginia Semiconductor Inc.

These material properties make single crystal silicon very suitable for use as
pressure sensing diaphragms and to date the majority of silicon pressure sensors on
the market use single crystal silicon as the diaphragm material [90].
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Use of polycrystalline rather than monocrystalline silicon as the diaphragm
offers the opportunity to integrate a sensor onto an existing process using surface
micromachining [25]. This integration is possible as silicon must be manufactured by
crystal or epitaxial growth techniques typically requiring temperatures from 1050°C
to 1425°C whereas amorphous or polycrystalline silicon can be deposited at much
lower temperatures (570° to 650°C). This relatively low temperature allows
mechanical polycrystalline silicon layers to be incorporated into standard CMOS
processes after the high temperature processing without adversely affecting the
electrical performance of the semiconductor devices. For the sensor structures being
analysed in this work the polysilicon layer is also doped and annealed after deposition
to make it electrically conductive. Extensive characterisation of the modulus of
elasticity and yield strength of deposited polysilicon films for micromachining is
available in the literature [92, 93]. There is a wide range of reported values for
modulus of elasticity (123 to 190 GPa) and fracture stress (0.7 to 3.4 GPa) but the
majority of the research has found the values to be in the range 160 to 170 GPa for the
modulus of elasticity and 1 to 2 GPa for fracture stress [94, 95]. In this work a
modulus of elasticity of 165 GPa is assumed.

3.1.3

Residual Stress
Devices such as those, which are the subject of this research, always have

residual stress because of process conditions during manufacturing and packaging
[86]. This built in stress will affect the behaviour of the sensor diaphragm and the
sensor performance [130]. In particular for the type of sealed cavity sensor used in
this research a film with a compressive residual stress will result in the diaphragm
buckling into the vacuum cavity and possibly touching down to the bottom of the
cavity if the compressive stress is sufficiently high [97]. This can render the sensor
useless if the whole diaphragm has touched down because it cannot then deflect
further as a function of pressure. It is desirable therefore that the diaphragm has a
tensile residual stress at the end of the fabrication process to create a drum-like
membrane and ensure its suitability as a pressure sensor. Note that a diaphragm in
compression that is partially touching the base of the cavity may still serve as a
pressure sensor, as pressure causes the remainder of the diaphragm to touch the base
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of the cavity the capacitance will increase as a function of pressure. This is approach
is used by Ko et al [40, 98] too create the so-called touch mode pressure.

3.1.4

Vertical Stress Gradients
The effect of a vertical stress gradient through the thickness of a film causes it

to curve out of plane [99, 100]. This can be seen on cantilevers fabricated from the
material, if a stress gradient exists in the film the cantilever free ends curl upwards or
downwards by an amount dependant on the magnitude and direction of the stress
gradient. When the film is used to create a sealed diaphragm this vertical stress
gradient will generate a vertical force component in the film that either aids or
opposes the applied pressure and will affect the performance of the sensor.

For

repeatable sensor performance the objective is to create a film with a uniform stress
through the film i.e. no stress gradient, and therefore remove this vertical component
as a variable. The magnitude of the final internal stresses can be controlled by the
polysilicon deposition, doping, anneal and structure release process conditions [101,
86]. This can be clearly seen in figure 3.2. The sample of silicon germanium bows
out of plane after being released from the substrate due to residual stresses induced
during the fabrication of the structure.

Figure 3.2: Silicon Germanium Beam before (left) and after (right) release from the
substrate demonstrating bowing of structures due to residual stresses [153].
During the fabrication of the sensors utilised for experimental analysis in this work
residual stress measurements were taken using blanket films. This topic is further
developed in section 6.7.
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3.2

Boundary Conditions
Many sensors and actuators in the field of MEMS technology, use bending

beams and plates as actuators or sensors, which are fabricated by monolithically
thinning a substrate (for instance, silicon). In order to describe the mechanical
behaviour these elastic elements, the influence of clamping must be considered [103].
This is because of the finite mechanical stiffness of the various clamping geometries
encountered in MEMS devices. Often in the modelling of such structures the effects
of etch channels left over from the fabrication process are not taken into account. It is
also assumed that fixtures have no rotational degree of freedom. Consider the electro
thermal actuator seen in figure 3.3 and the comb-drive-accelerometer in figure 3.4.

Figure 3.3: Electro-thermal actuator, picture courtesy of ANSYS.

Figure 3.4: Comb-drive-accelerometer, picture courtesy of ANSYS.
These figures illustrate that in the fabricated devices the comers are rounded
due to the fabrication process, however in the FEA models the comers are perfectly
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square. This demonstrates one of the differences between reality and idealised TEA
models.
The values of pressure, force or acceleration to be measured cause a deflection
of the beam or plate and therefore mechanical stresses or strains. Typically
researchers have assumed ideally rigid clamping conditions in the analytical
calculations of bending during the process of sensor design [107].
However, because of the elastic properties and the small size of miniaturized
mechanical transducer elements compared to those of micromechanical sensors, the
compliance of clamping should be considered in order to achieve accurate results
which are applicable to practical design purposes. Some clamping geometries
commonly encountered in MEMS are detailed in figure 3.5. They are mainly created
by the manufacturing techniques used i.e. anistropic etching, LIGA technology,
surface micromachining, bonding and etch-back.

Figure 3.5: Basic support conditions for micromechanical applications.

In this work it is assumed that the analytical models used to demonstrate the
suitability of the Finite Element Analysis (FEA) package used are fully clamped at the
edges or are simply supported at the ends. In the fixed cases the ends and have no
freedom of movement in any direction and also have no rotational freedom and can be
modelled using standard planar and solid element types. Simply supported beam
structures must be modelled using shell elements (i.e. when the thickness is small
compared to the length and breadth a 2D approximation can be used), which can
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sustain rotations. This is discussed further in chapter 5. These assumptions are
concurrent with classical theory [52].
In the more complex models of the sensor system the boundary conditions will
be located away from the sensor diaphragm edges to allow compliance of the anchor
geometry i.e. that the bottom of the oxide layer is fixed and cannot move. In the twodimensional and three-dimensional models it is assumed that the silicon substrate is
fully fixed with no freedom of movement and the centre of the diaphragm is free to
move only in the Y-direction. This is to simulate the rest of the diaphragm in the
circular axis-symmetric case. In the three-dimensional case it is assumed that the
silicon substrate is also fixed with no freedom in any direction. An additional
boundary condition applied is residual stresses to simulate those created in MEMS
devices during the fabrication process and also the effect of ambient pressure, which
is taken as a constant at 0.1 MPa.
Finally the action of the etchants does not create perfectly squared comers and
straight edges. They usually result in the creation of rounded stmctures. In the finite
element models it is assumed that these comers are perfectly squared and that the
surfaces are perfectly flat and also that the effect of etch channels is negligible. The
contrast between the actual and assumed geometries can be seen by comparing the
following Scanning Electron Microscope (SEM) picture in figures 3.6A, 3.6B and the
finite element model in 3.7.

Figure 3.6A: Polysilicon to silicon pressure sensor.
Sensor Poly
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Figure 3.6B: Polysilicon to silicon pressure sensor.
Poh'silicon Diaphragm
Sensor Cavin

Silicon Nitride
Silicon Oxide

Figure 3.7: FEA model of the system in figure 3.6.

3.2.1

Linear and Non-linear Analysis
In order to understand the behaviour of structures under an applied load it is

necessary to understand the difference between linear and non-linear calculations. The
linear method assumes a linear deflection and strain versus stress relationship for the
structure in question. This in effect means that a fixed incremental load on the
structure will create the same incremental deflection irrespective of the load already
on the diaphragm. This assumption is generally used in structural mechanics for small
deflections but can be inaccurate for large deflections, i.e. where the deflection
distance is of the order of the structural material dimensions.
When, as may occur in thin plates or diaphragms, the deflection becomes
larger than about one half the thickness, the middle surface becomes appreciably
stressed. This stress, called in-plane stress, enables the plate to carry some of the load
as a diaphragm in direct tension. When this condition of large deflection is obtained,
the plate is stiffer than indicated by the ordinary theory, and the load-stress relations
are non-linear. Stresses for a given load are less, and stresses for a given deflection are
generally greater, than the simple bending theory indicates [105]. This is known as
non-linear behaviour.
In most structural analysis the deflections are small and a single stiffness
matrix is used to determine the solution, this is termed linear analysis. In FE analysis a
non-linearity in the stress-strain relationship due to large deflections can be accounted
for by applying the load to the structure in small sub-steps and calculating a new
stiffness matrix at each sub-step, this is known as non-linear analysis [106]. In the
case of this work the displacement of the sensor diaphragm into the sensor cavity is
large enough to be require the large deflection theory. This will be explored in the
following sections
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3.3

Analytical Models of Classical Structures

3.3.1

Beam Theory
The behaviour of classical beam structures is well known. Many MEMS

devices are based upon classical beams or plates with either fully clamped or simply
supported boundary conditions. This section introduces the classical beam and
describes and compares the analytical and numerical methods used in determining its
behaviour.
3.3.2

Beam deflections
For the deflection of a fixed-fixed beam, cantilever beam or a simply

supported beam, simple linear mechanical laws hold. Taking this into account, the
equations are shown in figures 3.8 to 3.13 are for the calculation of the centre point
deflection of fixed-fixed beams and simply supported beams and the end point
deflection of cantilever beams.

i
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In an electromechanical system the applied load F is the sum of the applied pressure
and the electrostatic attraction between the charged components in the system as
calculated using equation 4.2, which is described in chapter 4.

3.4

ANSYS Methodology
Models of the previously mentioned classical structures were created using

ANSYS in both two-dimensional and three-dimensional approximations. The effects
of residual stress levels commonly encountered in MEMS devices are also included as
are the difference between linear and non-linear analyses of the structures. The
analytical solution is also included to provide validation.
1 he two-dimensional models, which were not simply supported, were created
using plane82, an 8-node structural solid element possessing two degrees of freedom
UX and UY. It can be used in both an axis-symmetric capacity and plane stress and
strain and can also sustain the application of residual stresses.
Two element types were employed to model the three-dimensional systems.
Firstly solid45 was used to model all structures, which required a fixed anchor such as
in the case of cantilevers and fixed-fixed beams. Its elements are defined by eight
nodes having three degrees of freedom at each node: translations in the nodal x, y, and
z directions. The element has plasticity, creep, swelling, stress stiffening, large
deflection, and large strain capabilities.
Secondly Shelll81 was used to model any simply supported structures as these
possess an extra boundary condition, that of a rotation. As a result a shell element is
used as it can be fixed in the UX, UY and UZ directions while being free to rotate
around the anchor. It is a four-noded element for linear, rotation and/or large strain
non-linear applications.
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(3.12)

(3.13)

The figures, 3.14 to 3.18, detail the meshing scheme utilised in the FEA
models. Meshing is the process by which a structure is divided into elements and
nodes (i.e. calculation points) before a calculation can take place. Mesh density (the
amount of elements per-unit area or volume) is of great importance. If a mesh is too
coarse (low mesh density) the outputted results from a simulation may contain serious
errors. If the mesh density is too fine (high mesh density) computational resources
will be wasted.

In figure 3.14 the view is of the XY plane looking at a side view of the
structure i.e. the length and thickness of the beam. The same mesh and dimensions
were used for the cantilever beam, the fixed-fixed beam, simply supported beam, and
axis-symmetric models of the circular plate structures for point loading and uniformly
distributed loads. The beam is 100pm in length, 2 pm in thickness and 20 pm in
width. Young’s modulus and Poission’s ratio were taken as 165 GPa and 0.25
respectively.
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3.15: 3D beam model.
The three-dimensional model in figure 3.15 was used for fixed-fixed beam and
cantilever models. The length, thickness, and material properties are the same as in
the 2D models but the beam width is 20 pm. This model was not used for the simply
supported beam structure, as solid45 elements do not have a rotational degree of
freedom. In order to model a simply supported structure shell 181 elements was used.
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Figure 3.16: 3D shell structure used to model the simply supported beam structure.
In figure 3.16 the shell structure used to model the behaviour of a simply
supported fixed-fixed beam is detailed. It is composed of shelllSl elements and has
the rotational degree of freedom required to model simply supported structures. Its
dimensions and material properties are the same as those used in the previous beam
models.
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The next classical structure modelled is that of a circular plate. This is
illustrated in figure 3.17. Circular plates are modelled as their behaviour is similar to
that of the sensor diaphragm.

Figure 3.17: 3D solid quarter model of the circular plate for fully clamped boundary
conditions.
I'he radius and thickness are 100 pm and 2 pm respectively and the material
properties are the same as those in the previous models. This model is used to
simulate the behaviour of a circular plate with fully clamped edges. Due to the
symmetrical nature of the structure only a quarter is modelled.
The three-dimensional shell structure in figure 3.18 is used to model the
behaviour of a simply supported circular plate structure. Shell 181 elements are used to
model the structure due to the use of a simply supported boundary condition. The
material properties and dimensions are the same as those in the three-dimensional
quarter model. The following section details the graphical outputs from these
simulations and also discusses the relevance of these outputs. The simulations are
conducted both in 2D and 3D with a variety of differing loadings and boundary
conditions.
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3.18: 3D shell model quarter of the simply supported circular plate, dimensions and
material properties are the same as in previous models.

3.4.1

Output from Analytical and FEA Models
In this section models of classical structures are created using FEA and

compared to analytical solutions. Models are created in both two and three
dimensions. A variety of boundary conditions and loading cases are investigated as
well as the effect of residual stress and linear and non-linear solution methods. The
results are graphed and discussed and conclusions are drawn.

3.4.1.1 Two-dimensional models of classical beam structures
The graphed results of the analytical and FEA in 2D are presented in the
following graphs. The material properties utilised are those of polysilicon i.e. 165 GPa
and a Poisson’s ratio of 0.25, all beams are 100 microns long and 2 microns thick. For
the models of cantilever structures the effects of residual stress are not included as a
cantilever cannot sustain a residual stress, that is, it does not affect its behaviour. This
is due to the cantilevers ability to expand in the X and Y (and indeed Z) directions. A
stress gradient through the thickness of a cantilever [153,159] is a different boundary
condition and is not considered in this work.
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2D Cantilever with an End-point Load and no Residual Stress.

Figure 3.19: Graph of the behaviour of a 2D cantilever beam subjected to an end
point-load with no residual stress.
2D Cantilever with a UDL no Residual Stress.

Figure 3.20: Graph of the behaviour of a 2D cantilever beam subjected to a uniformly
distributed load with no residual stress.

There is an error between the linear, non-linear and analytical solutions in the
region of less than 1% for both the point load and the uniformly distributed loads. At
larger loads the linear and non-linear cases may diverge but such large loads are not of
interest in this work.
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2D Simply Supported Beam with Central Point Load and no Residual Stress.

Figure 3.21: Graph of the behaviour of a 2D simply supported beam subjected to a
central point load with no residual stress.
20 Simply Supported Beam with Central Point Load and Residual Stress.

Figure 3.22: Graph of the behaviour of a 2D simply supported beam subjected to a
central point-load with residual stress.
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2D Simply Supported Beam With a UDL no Residual Stress.

Figure 3.23: Graph of the behaviour of a 2D simply supported beam subjected to a
uniformly distributed load with no residual stress.

2D Simply Supported Beam With a UDL and Residual Stress.

Figure 3.24: Graph of the behaviour of a 2D simply supported beam subjected to a
uniformly distributed load with residual stress.

Figures 3.21 to 3.22 demonstrate the behaviour of a simply supported beam
(i.e. the boundary condition at the either end of the beam is not fixed and is free to
rotate about a point, this is a much less rigid boundary condition than fixed-fixed)
under an applied point load at the centre. It is clear that the behaviour of the simply
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supported beam for residual stress and applied load is quite linear. This is because of
the compliance in the simply supported boundary condition there is little resistance to
the applied load, so the beam displaces freely. The beam does not appear to exhibit
non-linear behaviour, however this is not so, on closer examination the error between
the linear and non-linear is increasing (from 0.01% to 0.09%). A larger load would
have made this more visible. The residual stress cases indicate that there is very little
difference between a residual stress of 200 MPa and 400 MPa for the linear case and
non-linear case. There is an original difference in the initial displacement created by
the residual stress, however when loads are applied the residual stress has little effect
and the beam behaves the same for both cases. Once again the use of a larger load
made this more pronounced.
In figures 3.23 and 3.24 the behaviour of a simply supported beam with a
uniformly distributed load is demonstrated. As expected the linear and analytical
calculations are very similar with an error less than 1%. However due to the larger
total load the effect of non-linear behaviour and stress stiffening (non-linear
behaviour) is far clearer with the error increasing from 1% under a small load to 48%
at the largest. This clearly demonstrates the effect of stress stiffening. When residual
stress is applied it can be seen in the linear analysis it has little effect for the different
magnitudes of residual stress (200 MPa and 400 MPa). However when the analysis is
non-linear an improved result is obtained demonstrating that increased residual stress
stiffens the beam and makes it more resistant to displacement. Clearly from this we
can conclude that if residual stress is to be included in a model a non-linear
calculation must be conducted. In the next graphs the two-dimensional fixed-fixed
case is detailed.
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2D Fixed-fixed Beam with a Central Point Load and no Residual Stress.

Figure 3.25: Graph of 2D fixed-fixed beam with a point load and no residual
stress.
2D Fixed-fixed Beam with a Central Point Load and Residual Stress.

Figure 3.26: Graph of 2D fixed-fixed beam with a point load and residual stress.
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2D Fixed-fixed Beam with a UDL and no Residual Stress.

Figure 3.27; Graph of 2D fixed-fixed beam with a uniformly distributed load and no
residual stress.
2D Fixed-fixed Beam with a UDL and Residual Stress.

Figure 3.28: Graph of 2D fixed-fixed beam with a uniformly distributed load and with
residual stress.
In the fixed-fixed beam case the linear and analytical solutions for point load
and UDL, have an error which is less than 1%, however the non-linear diverging
slightly at larger deflections due to the build up of stresses in the structure (i.e. this
stress stiffening allows the beam take a larger load). Due to the fixed boundary
condition at either end of the beam the initial displacement due to the residual stresses
is small (0.001-0.002 microns), however they have a marked effect on the response of
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the beam to the applied loads, making the beam more rigid and resistant to the applied
loads. Once again the application of a residual stress stiffens the beam and allows it to
take larger loads. Also the linear case with residual stress does not provide useful
output. However when residual stress is calculated using non-linear methods a much
better answer is achieved, i.e. it is clear that residual stress is having an effect in the
non-linear case whereas it has virtually no effect in the linear case. This would
indicate that for a residual stress analysis non-linear FEA calculations must be used.
In the next section three-dimensional models of the same classical structures are
created and compared to the analytical solution.
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3.4.1.2 Three-dimensional models of classical beam structures
The following graphs detail the behaviour of elassical beam structures
modelled in 3-D for a variety of different boundary conditions and loads.
3D Cantilever with an End Point Load with no Residual Stress.

Figure 3.29: Graph of the behaviour of a 3D cantilever beam subjected to a point-load
with no residual stress.
3D Cantilever with a UDL with no Residual Stress.

Figure 3.30: Graph of the behaviour of a 3D cantilever beam subjected to a uniformly
distributed load with no residual stress.
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In figures 3.29 and 3.30 the response of a three-dimensional cantilever (length
100 pm, width 20 pm and 2 pm thick), subjected to varying loads, is detailed. The
error between the linear TEA and linear analytical is close to zero percent. Once again
at larger loads the effects of stress stiffening becomes more apparent with the linear
and non-linear solutions beginning to separated as stress stiffening occurs and a larger
load is required to displace the beam to the same degree as in the linear case.
3D Simply Supported Beam with Central Point Load with no Residual Stress.

Figure 3.31: Graph of the behaviour of a 3D simply supported beam subjected to a
central point load with no residual stress.
3D Simply Supported Beam with Central Point Load and a Residual Stress.

Figure 3.32: Graph of the behaviour of a 3D simply supported beam subjected to a
central point load with residual stress.
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3D Simply Supported Beam with a UDL and no Residual Stress.

Figure 3.33: Graph of the behaviour of a 3D simply supported beam subjected to a
uniformly distributed load with no residual stress.
3D Simply Supported Beam with a UDL and with Residual Stress.

Figure 3.34: Graph of the behaviour of a 3D simply supported beam subjected to a
uniformly distributed load with residual stress.

Behaviour of a simply supported beam subjected to a central point load and a
uniformly distributed load, once again very similar to the two-dimensional case. There
is a very low degree of error between the linear FEA and analytical solutions, less
than one percent, for both point load and uniformly distributed loadings. The effect of
stress stiffening in the non-linear case is quite clear. There is little initial displacement

61

due to the residual stresses in the beam in the region of 0.01 microns; this is due to the
compliant nature of the simple supported boundary condition. It can be clearly seen
that the residual stress stiffens the beam and makes it more resistant to an applied
load.
3D Fixed-fixed Beam with a Central Point Load and no Residual Stress.

Figure 3.35: Graph of 3D fixed-fixed beam with a point load and no residual
stress.

3D Fixed-fixed Beam with a Central Point Load and a Residual Stress.

Figure 3.36: Graph of 3D fixed-fixed beam with a point load and residual stress.
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3D Fixed-fixed Beam with a UDL with no Residual Stress.

Figure 3.37: Graph of 3D fixed-fixed beam with a point load and no residual stress.

3D Fixed-fixed Beam with a UDL and a Residual Stress.

Figure 3.38: Graph of 3D fixed-fixed beam with a point load and residual stress.
In graphs 3.35 and 3.37 the response of a fixed beam under an applied eentral
point load and a uniformly distributed load is detailed. There is little differenee
between the linear FEA and linear analytieal solutions, with an error less than one
pereent. The non-linear ease demonstrates that stress stiffening reduees the
displacement of the beam for a given load, this is clear in both cases.
In graphs 3.36 and 3.38 residual is included with both loading cases (central
point load and UDL). The linear case does not function correctly with the inclusion of
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residual stress. However if the analysis is non-linear a more satisfactory output is
obtained. It can be clearly seen that the residual stress stiffens the beam and makes it
more resistive to an applied load and thus the displacement is lower for a given point
load than if there was no residual stress.

3.5

Small Deflection (linear) and Large Deflection (Non-linear) Theory for
Circular Plates

Solutions for small deflection theory and membrane theory are well known,
but are repeated here for convenience. Consider the case of a circular plate of radius a
under a uniform applied pressure P and clamped around its edges.
P
^ r

y
If-

Figure 3.39: Fixed-fixed beam with a Uniformly Distributed load.

I'he lateral displacement w of the plate at radius r is given by the equation (3.2) [107]:

P ( 2
w{r) =------\a
-r 2 Iy
64/)^
’
/

N

(3.2)

The maximum displacement occurs at the centre of the plate:

Pa^

(3.3)

D is the flexure rigidity, which is a measurement of stiffness and is given by: -

D=

Er

(3.4)

12(1-1/^)
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where E, t and v are Young’s modulus, plate thickness and Poisson’s ratio
respectively. This works well for a linear calculation, however when, as may occur in
thin plates, the deflection becomes larger than about one-half thickness, the middle
surface becomes appreciably strained and the stress in it cannot be ignored. This
stress, called diaphragm stress or direct stress, enables the plate to carry part of the
load as a diaphragm in direct tension [105]. This tension may be balanced by radial
tension at the edges as the edges are clamped.
The formulae for a large non-linear deflection, has also been derived [107].
This derivation was considered excessively large to be expressed here so it is
reproduced in appendix 2. The critical parts of the formulae are as follows: ,-|2

f

w{r) = f 1

(Eqn. 3.5)

where: -

f = A-^
3A

(p]qn. 3.6)
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(Eqn. 3.7)

(Eqn. 3.8)
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(Eqn. 3.9)

(Eqn. 3.10)

D is the flexure rigidity, E, t, r and v are Young’s modulus, plate thickness, radius and
Poisson’s ratio respectively. The plate is clamped around its edges. As we are
primarily interested in the centre point deflection, i.e. the maximum, r = a. Placing
this in the equation we get: -

w\{f) =

f

(Eqn. 3.11)
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When this condition of large deflection occurs, the plate is stiffer than
indicated by ordinary theory. The load-deflection relations are therefore non linear.
The derivation of formulae for the calculation of a plate undergoing a large deflection
is described in appendix 2. Various other methods of analysing the behaviour of
circular plates are described in [108, 110]
The displacement due to a uniformly applied pressure was calculated using
both the linear small deflection theory and the non-linear large displacement theory.
The plates are assumed to be 1pm in thickness, 100 pm in diameter; Poisson’s ratio
and Young’s modulus were taken as 0.33 and 110 GPa (These are the material
properties of titanium and are used as some of this work relating to beam structures,
was conducted with the cooperation of the National Microelectronics Research Centre
(NMRC) and their work on titanium micromachined structures). The results are
graphed in figure 3.40:
Deflection of Clamped Circular Plate Under a Uniformly applied load
(Analytical Solution).

Figure 3.40: 2D behaviour of a clamped circular plate subjected to a Uniformly
Distributed Load, analytical solution.
This demonstrates the effect of stress stiffening for displacements greater than
half the thickness of the plate in question. If a calculation is to be undertaken where
large displacements are expected the non-linear equation should be used. For smaller
displacements the linear equation provide an adequate approximation and may also be
used to establish whether the displacement is large enough to necessitate the use of
the non-linear equation. The system was then modelled using a FEA model for both
the linear and non-linear cases. The following graph figure 3.41, details the output:
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Comparision of Analytical and ANSYS Models for a Clamped Circular Plate.

3.41: 2D behaviour of a clamped circular plate subjected to a Uniformly Applied
Load, comparing the analytical solution to the output from ANSYS.

Clearly the effect of stress stiffening is very large even before the
displacement is greater than the half the thickness. I'herefore when the behaviour of
the structures is investigated in FEA the non-linear case should be considered. The
error between the analytical and FEA linear simulation is constant at 0.41%. The low
error (0.1%-3.5% depending on the magnitude of the applied load) between the FEA
non-linear solution and the analytical solution demonstrates the suitability of FEA for
modelling such systems. In the following section circular membranes are modelled for
a variety of boundary conditions. They are detailed in the following illustrations: -
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a

Figure 3.42: Fully clamped plate with a uniformly distributed load.
(Eqn.3.12)
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Figure 3.43: Fully clamped plate with a central point load.
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Figure 3.44: Simply supported plate with a uniformly distributed load.
y =------ ^(5 +
16a’

- v)

(Eqn. 3.14)

p
r

y

N

Figure 3.45: Simply supported plate with a central point load.
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(Eqn. 3.15)

3.6

Analytical and FEA Models of Circular Plates (Membranes)
The output from these models is detailed in the following graphs. Two-

dimensional and three-dimensional modelling cases are utilised. The effects of various
loading conditions residual stresses and linear and non-linear methods are simulated
using analytical equations and FEA. The two-dimensional models are axis-symmetric
i.e. assumed to be symmetrical around a central axis. The uniformly applied loads are
analogous to atmospheric pressure applied the pressure sensor membrane.
2D Axisymmetric Circular Plate with Clamped Edge and Central Point Load and
no Residual Stress.

Figure 3.46: Two-dimensional axis-symmetric simulation of a circular plate with
clamped edges and a central point load with no residual stress.
2D Axis-symmetric Circular Plate with Simply Supported Edges and a UDL with
Residual Stress.

Figure 3.47: Two-dimensional axi-symmetric simulation of a circular plate with
clamped edges and a central point load with residual stress.
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2D Axisymmetric Circular Plate with Clamped Edges and a UDL and no Residual
Stress.

Figure 3.48: Two-dimensional axi-symmetric simulation of a circular plate with
clamped edges and a UDL with no residual stress.
2D Axisymmetric Circular Plate with Clamped Edges and a UDL and Residual
Stress.

Figure 3.49: Two-dimensional axi-symmetric simulation of a circular plate with
clamped edges and a UDL with residual stress.

Graphs 3.46 and 3.48 detail the behaviour of a circular plate with clamped
edges with an applied central point load and a uniformly distributed load (pressure).
There is little difference between the linear FEA and linear analytical cases with the
error being less than one percent. The non-linear case diverges at higher loads for both
cases; this is due to the effect of stress stiffening of the plate.

70

Graphs 3.47 and 3.49 detail the behaviour of the circular plate with clamped
edges with residual stress. The linear case does not provide useful output, however
when a non-linear analysis is used a much better output is obtained. It can be clearly
seen that a residual stress has a large effect on the displacement behaviour of the
plate. The larger the residual stress the stiffer the plate and the lower the displacement
for a given load. Therefore if residual stress is to be included in a simulation a non
linear calculation must be conducted.
2D Axis-symmetric Circular Plate with Simply Supported Edges and
a Central Point Load with Residual Stress.

3.50: 2d axis-symmetric diaphragm with simply supported edges and point load with
no residual stress.
2D Axis-symmetric Circular Plate with Simply Supported Edges and a
Central Point Load with Residual Stress.

3.51: 2d axis-symmetric diaphragm with simply supported edges and point load with
residual stress.
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2D Axis-symmetric Circular Plate with Simply Supported Edges and a UDL with no
Residual Stress.

3.52: 2d axis-symmetric diaphragm with simply supported edges and a UDL with no
residual stress.
2D Axis-symmetric Circular Plate with Simply Supported Edges and a UDL with
Residual Stress.

3.53: 2d axis-symmetric diaphragm with simply supported edges and a UDL with no
residual stress.
These simply supported structures were modelled using shell elements. Graphs
3.50 and 3.52 demonstrated the behaviour of a circular plate with simply supported
edges with an applied centre point load and a uniformly distributed load (pressure).
The linear TEA and linear analytical solution provide similar outputs with less than
one percent error. The non-linear solution diverges at larger loads as stress stiffening
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begins to effect the displacement of the plate. It is clear that in situations where larger
loads and displacements are encountered a non-linear analysis should be utilised.
Graphs 3.51 and 3.53 detail the effect of residual stress on the behaviour of a
simply supported circular plate. It is clear that the linear case does not provide useful
output where as the effect of residual stress can be clearly seen in the non-linear case.
Residual stress increases the stiffness of the beam and as a result the displacement for
a given load is less. We can conclude from this that is residual stress is to be included
in an analysis a non-linear solution must be performed.

3.6.1

3D FEA and Analytical Simulation of Classical Membrane Structures
3D Circular Plate with Clamped Edges Central Point Load and no
Residual Stress.

Figure 3.54: 3D simulation of a circular plate with clamped edges and a central point
load with no residual stress.
3D Circular Plate with Clamped Edges Central Point Load and
Residual Stress.

Figure 3.55: 3D simulation of a circular plate with clamped edges and a central point
load with residual stress.
73

3D Circular Plate with Clamped Edges UDL and no Residual Stress.

Figure 3.56: 3D simulation of a circular plate with clamped edges and a UDL with no
residual stress.
3D Circular Plate with Clamped Edges UDL and Residual Stress.

Figure 3.57: 3D simulation of a circular plate with clamped edges and a UDL with
residual stress.
Graphs 3.54 and 3.56 detail the behaviour of a clamped circular plate
modelled in 3D with a central point load and a uniformly distributed load (pressure).
The error between the linear FEA and linear analytical solutions are similar with an
error of less than one percent. The non-linear solution diverges at higher loads due to
stress stiffening in the structure. Therefore if a clamped circular with undergoing a
large displacement is to be simulated the non-linear case should be utilised.
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Graphs 3.55 and 3.57 detail the behaviour of a clamped circular plate with a
central point load and a uniformly distributed load with residual stress. It can be seen
that the linear case does not capture the response whereas the non-linear does. It can
be seen that the residual stress stiffens the plate allowing it to take larger loads.
Therefore if a clamped circular plate is to be modelled in 3D with the inclusion of
residual stress a non-linear calculation should be utilised.
3D Clamped Circular Plate with Simply Supported Edges and a Central Point
Load and no Residual Stress.

Figure 3.58: 3D simulation of a circular plate with clamped edges and a central point
load with no residual stress.
3D Clamped Circular Plate with Simply Supported Edges and a Central Point
Load and Residual Stress.

Figure 3.59: 3D simulation of a circular plate with clamped edges and a central point
load with residual stress.
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3D Clamped Circular Plate with Simply Supported Edges and a UDL and no
Residual Stress.

Figure 3.60: 3D simulation of a circular plate with clamped edges and a UDL with no
residual stress.
3D Clamped Circular Plate with Simply Supported Edges and a UDL and Residual
Stress.
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Figure 3.61: 3D simulation of a circular plate with clamped edges and a UDL with
residual stress.
Graphs 3.58 and 3.60 detail the behaviour of a simply supported circular plate
modelled in 3D with a central point load and a uniformly distributed load (pressure).
The error between the linear FEA and linear analytical models is less than one
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percent. The non-linear solution diverges at larger displacements due to stress
stiffening in the structure. Therefore is a simply supported plate is to be modelled in
3D with a large displacement the non-linear case should be utilised.
Graphs 3.59 and 3.61 detail the behaviour of a simply supported circular plate
modelled in 3d with a central point load and a uniformly distributed load (pressure)
with residual stress. It is clear that the linear case does not provide useful output. The
non-linear case demonstrates that a residual stress stiffens the beam and therefore the
displacement for a given load is lower. If residual stress is to be included in the
modelling of such a structure a non-linear analysis should be performed.

3.7

Conclusions Derived from Classical models
The behaviour of the fully clamped circular plates is similar for both the two-

dimensional (axi-symmetric) and three-dimensional cases, demonstrating that a less
computationally intensive two-dimensional model can adequately simulate a threedimensional case. The eiTor between both cases is between 1% and 3.5% for both the
linear and non-linear cases. The effect of the linear and non-linear analysis and the
effect of residual stresses is explored and it can be concluded that for a model
incorporating residual stresses a non-linear analysis must be utilised.
The simply supported cases were modelled using shell elements in order to
allow a rotational degree of freedom. Clearly the simply supported boundary
condition (i.e. the ends of the beam are free to rotate around a fixed point) is far more
compliant that the fixed-fixed case. Also when the residual stress is applied there is a
larger fall in the displacement. This is due to the increased rigidity of the structure
resisting displacement due to the applied load.
We can conclude from these analyses that: •

Shell elements must be used to model MEMS structures with simply
supported boundary conditions in order to provide a rotational degree
of freedom.

•

Three-dimensional structures can be effectively modelled using twodimensional axis-symmetric models.

•

If residual stress is to be included in the model a non-linear analysis
needs to be performed.
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•

If the displacement of a plate structure is greater than the thickness of
that plate a non-linear analysis should be performed.

•

The axi-symmetric models work in good agreement with analytical
models based on classical formulae with errors in the region of 1%.

3.8

Effects of Altering the Sensor Geometry
The modelling methods explored in the previous section are now applied to

create complete models of the sensor structure and explore the effect of altering
various structural parameters. These models can be utilised to optimise the design of
the pressure sensor allowing a designer to design a pressure sensor suitable for a
specific purpose or pressure range. Examples of such structural parameters that
influence the behaviour of the sensor are: the diaphragm thickness and diameter,
anchor geometry and the material properties. This section demonstrates how this
design optimisation can be carried out and illustrates the effects of altering some
critical parameters. The first step is to establish if the sensor structure can be
adequately modelled using a two-dimensional axis-symmetric approximation of the
three-dimensional structure.

3.8.1

Two-dimensional to Three-dimensional Model Comparison
Three-dimensional models are computationally expensive, meaning that they

can take an excessive amount of time to calculate. Often it is possible to use a twodimensional axi-symmetric model of such structures. The circular sensor geometry
lends itself well to axi-symmetric analysis due to its symmetrical nature, however in
the case of a square or rectangular sensor or some other more complicated structure
three-dimensional models may be required. Therefore a three-dimensional modelling
methodology was also developed during the course of this work, which is equal in
capability to the axis-symmetric method.
The sensor structure is clearly symmetrical about its central axis. As a result of
this it is possible to reduce the computational time required by modelling the system
using a two-dimensional axis-symmetric rather than a three-dimensional one. Firstly
however it is necessary to establish the degree of error created by this assumption.
This error may not be apparent from the previous two and three dimensional models
of classical structures due to the increased complexity of the complete sensor system.
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To this end a three-dimensional quarter model of the structure and two-dimensional
half model was created and the error between both methods analysed. The sections
modelled are illustrated in figure 3.62.

Figure 3.62: Sensor structure detailing line of 2D axis-symmetric model and 3D
quarter model.

The two models developed in FEA are illustrated as in figures 3.63 and 3.64.

AN

Figures 3.63 and 3.64: 2D axis-symmetric model of sensor (left) and 3D quarter
model of pressures sensor geometry.

The results from these models are compared in the following graphs. Firstly
the behaviour of the sensor under an applied pressure load was explored and the
centre point deflection plotted against applied load. The result is non-linear but
excludes residual stress. The diaphragm is 84 pm in diameter and 0.9 pm thick. The
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results proved to be very similar with an error in the region of 3%. The simulated
response is detailed in figure 3.65.

Tw o-dimensional Axis-symmetricrThree dimensional Comparision for Full
Sensor Structure.

Figure 3.65: Graph of applied pressure versus centre point displacement for full
sensor geometry comparing two-dimensional axis-symmetric case and threedimensional quarter model output.
In the next model comparison the effect of applied load versus centre point
displacement for the two-dimensional axis-symmetric case was compared with the
inclusion of residual stress. The analysis is a non-linear one with the value of residual
stress taken as 50 MPa, which is a typically encountered magnitude in MEMS
manufacture. The dimensions of the structure are the same as in the previous example.
The error is in the region of 4% between the two-dimensional axis-symmetric and the
three-dimensional quarter model. The output is detailed in figure 3.66.
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Two-dimensional Axis-symmetric/Three-dimensional Quater Model
Comparrision for Full Sensor Structure with a Residual Stress of 50
MPa.

Figure 3.66: Graph of applied pressure versus centre point displacement for full
sensor geometry comparing two-dimensional axis-symmetric case and threedimensional quarter model output including a 50 MPa residual stress.

This section has demonstrated that due to the symmetrical nature of the
pressure sensor it is possible to model the system using a less computationally
intensive axis-symmetric model. The errors incurred by using this method are in the
region of 1% to 4% for non-linear analysis’s using non-linear assumptions and with or
without the inclusion of residual stress.

3.8.2

Altering the Diaphragm Diameter

The first parameter investigated is that of altering the diaphragm diameter. All
the following models are for axis-symmetric cases. This parameter has a great effect
on the sensitivity range of the pressure sensor. A small diaphragm is stiffer than a
large diaphragm. The effect of different diameters is illustrated in figure 3.67.
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Graph of effect of diaphragm diameter of sensor behaviour.

Figure 3.67: Effect of altering diaphragm diameter.

It can be clearly seen from this graph that reducing the diameter of the
diaphragm can have a large effect on the response of the sensor to an applied load. A
smaller diaphragm requires a much larger applied load to effect a displacement.

3.8.3

Altering the Diaphragm Thickness
The next parameter is the diaphragm thickness. The effect of altering the

thickness is illustrated in figure 3.68.
Graph of the Effect of Diaphragm Thickness on Sensor Behaviour.

Figure 3.68: Illustrating the effect of altering the diaphragm thickness.
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Increasing the thickness of the diaphragm results in a stiffer membrane, which
requires a larger pressure to displace the diaphragm into the sensor cavity. Therefore a
sensor designed for a high-pressure environment would require either a thicker
diaphragm or a lower diameter.

3.8.4

Altering the anchor geometry
The last parameter investigated is that of the diaphragm anchor, its stiffness

has a great effect on the behaviour of the sensor diaphragm. A stiffer anchor requires
a larger force to be displaced and as a result makes the diaphragm more resistant to an
applied load. The thickness of the anchor from left to right was reduced by increments
and the effect on the displacement of the sensor for a given load established. The
change in the anchor can be seen in figure 3.69.

Figure 3.69: Altering the anchor geometry.
1 he effect of altering the anchor dimensions is illustrated in figure 3.70.
Effect of Altering Anchor Thickness on Sensor Diaphragm Behaviour.

Figure 3.70: Illustrating the effect of altering the diaphragm anchor.
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It is clear from this graph that the larger the diaphragm anchor, the stiffer the
diaphragm and the larger pressure required to displace the diaphragm. In order to
fabricate this geometry it would be necessary to alter the manufacturing process as it
is dependant on the deposition of the polysilicon layer, the thickness of which is
virtually homogenous.

3.8.5

Increasing the Residual Stress in the Polysilicon Diaphragm
t hrough control of the manufacturing steps involved in the manufacturing of

the pressure sensor structure i.e. control over annealing steps and doping it is possible
to create (with a reasonable degree of error) a particular residual stress. This can be
used to tension the polysilicon membrane and enable it to take a larger pressure load.
This is illustrated in figure 3.71.

Effect of Residual Stress in the Polysilicon Diaphragm on Sensor Behaviour.

Figure 3.71: Effect of Residual Stress on Sensor behaviour.
It is clear from figure 3.71 that the residual stress results in an initial
displacement of the diaphragm. It is also clear that a larger residual stress stiffens the
diaphragm and as a result a larger pressure is required to displace it.
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3.8.6

Altering the Mesh Density

In the Finite Element Method the solution region is represented, (discretised),
as an assemblage (mesh), of small sub regions called finite elements, generally
referred to as elements. These elements are connected at discrete points (at the
extremities (comers)), known as nodes. Implicit with each element is its displacement
function, which in terms of the parameters to be determined defines how the
displacements are interpolated over each element. The number of elements and
therefore the number of nodes has an effect on the accuracy of the models. Simply put
the greater the number of nodes or calculation points, the more accurate the output of
the models should be [111]. This has a greater effect on stress calculations than on
displacements.
However having a high mesh density is not without penalty. The greater the
number of nodes the more computational resources required to solve the matrix
equations, as a result such models are very time consuming. A balance must be
achieved of a mesh density that provides an accurate solution without being overly
time consuming. It should also be noted that it is possible to selectively manipulate
the mesh density locally in order to create a higher density in areas of particular
significance. Examples of altering the mesh density in the sensor system are
illustrated in figure 3.72.
AN

AN

Figure 3.72: Altering the mesh density.

The effect of altering the mesh density on the displacement of the sensor diaphragm
has little effect on the output from the models. It is generally less than 1% between a
very coarse mesh and a very fine one. Clearly the mesh density has little effect on the
displacement, however it has a large effect on the maximum Von Mises stress in the
models. This can be seen in figures 3.73 and 3.74.
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Figure 3.73: Sensor anchor geometry, 0.05 (High) mesh density, 0.05 MPa applied
pressure.
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Figure 3.74: Sensor anchor geometry, 0.5 (low) mesh density, 0.05 MPa applied
pressure.

However it is important to recognise that the von Mises stress distribution
remains constant in most parts of the structure as the mesh density increases. The von
Mises stress intensity increases with mesh density at points of stress concentration.
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This is highlighted in the following graphs. The maximum stress occurs at the top of
the diaphragm above the anchor geometry. This particular anchor geometry was
defined by the manufacturers at Analog devices and so is utilised in these simulations.
The stress is also measured at a point slightly above the bottom of the membrane to
demonstrate that aside from points of stress concentration the stress characteristic
converges i.e. becomes constant. These points are detailed in figure 3.75. The
maximum von Mises stress is at point A and stresses are also taken at point B where
the stresses converge. These points were chosen, as nodes are available in these
regions at which the stress can be measured.

Figure 3.75: Points on diaphragm where stress measurements are taken.

Graphing the maximum stress versus the mesh density we get the following figure
3.75:Effect of Altering the Max Stress on the von Mises Stress.

Figure 3.76: Graph of von Mises stress at a stress concentration point (Anchor) versus
mesh density.
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We can conclude from this that the maximum stress encountered in the sensor
system is at the top of the sensor diaphragm near the anchor. This can be seen in
figure 3.76, this is the point that failure would occur during overloading (i.e. excessive
pressure or voltage). It is also clear that the mesh density can have a great effect on
the stress distribution in the structure and increasing the mesh density improves the
output. However when the mesh density is increased the stress at stress concentration
points can rise in an unpredictable manner. It is therefore best to model stress slightly
away from such stress concentration points.

3.9

Conclusions
Chapter three has introduced the fundamental theory associated with the

behaviour of structures under an applied load be it a uniformly distributed load (i.e. a
pressure) a point load or residual stress. The material from which the sensor
diaphragm is constructed, polysilicon, is discussed and any assumptions relating to its
behaviour. Its properties are of crucial importance as it is the only “moving” part in
the system.
Classical structures such as cantilevers, beams and plates can be used to
approximate the behaviour of many MEMS devices. In this work the classical
formulae relating to the behaviour of such structures are utilized to validate the
performance of TEA as a modelling tool. The boundary conditions employed and the
nature of linear and non-linear calculations were explained. The outputs from the
analytical and finite element models of the systems in 2-D and 3-D are graphed. It can
be clearly seen that for a structure with no residual stress, assumed linear behaviour
and a variety of boundary conditions can be modelled by FEA.
The creation of non-linear analytical models is a complex task and in this work
conducted only for a circular plate with fixed boundary conditions. It is clear that FEA
can model such a system to a high degree of accuracy i.e. less than four percent error.
This is demonstrated in section 3.5 where the analytical and FEA solutions for linear
and non-linear analysis of clamped circular plates are investigated.
The effects of residual stress are also investigated. For a linear calculation the
behaviour does not appear to include residual stress to a satisfactory degree, however
for a non-linear calculation the output is much more satisfactory. Typically the
application of a residual stress results in the stiffening of the structure and a greater
resistance to displacement under an applied load.
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Having demonstrated that FEA can model 2-D and 3-D mechanical structures
to a high degree of accuracy, it was utilised to investigate the effects of altering the
sensors geometry. From this we can conclude that increasing the diameter of the
diaphragm increases its sensitivity and reduces its functional range as it requires a
greatly reduced load to cause a displacement. Reducing the diaphragm thickness and
the thickness of the anchor geometry also has a similar effect to differing degrees.
The mesh density used in the models is demonstrated to have little effect on
the displacement of the sensor diaphragm, however it also has a large effect on the
von Mises stress distribution in the sensor. Finally it is clear that if residual stress is to
be included in a model a non-linear analysis must be conducted.
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Chapter 4:
4.1

Electrostatic Modelling of Sensor System

Introduction

This chapter focuses on the effects of the electrostatic attraction between the
charged plates in the sensor system. As mentioned in previous sections the net
attractive force between the capacitor plates can be significant and its effect must be
quantified. The effects of dielectric materials and dimensions will be investigated both
analytically and using the TEA modelling packaged ANSYS [71]. A method for
modelling the effect of touch-down (i.e. when the sensor diaphragm encounters the
bottom of the sensor cavity) is introduced and discussed. The electrostatic force
encountered in many MEMS devices is also introduced and simulated. Pull-in is
where the electrostatic forces in a structure reach a point of instability and the elastic
restoring force contained in the structure no longer balances the systems downward
electrostatic force. A comparison is made between the coupled field analysis methods
employed by other commercial software packages based on different numerical
approaches, (SUGAR [123,124] and Coventorware [131]) and also experimentally on
actual devices.
In the MEMS design industry accurate prediction of device behaviour may
require coupled simulations between the mechanical and electrostatic domains. In this
work the Finite Element analysis package ANSYS is used to model such systems. In
this chapter the author will describe how such a modelling method is performed.
The behaviour of the complete sensor structure is modelled with multiple
forces and the capacitance of the structure extracted. This is to demonstrate the effect
of applied voltage, pressure and residual stress on the output from the sensor and the
range of values achievable. A comparison between 2D axis-symmetric and 3D models
is also undertaken in order to determine the error created due to the 2D axissymmetric assumption.
The final section describes the contact behaviour of the sensor i.e. when the
sensor diaphragm encounters the bottom of the sensor cavity due to the application of
a large load. To this end the ANSYS ESSOLVE macro is utilised for coupled field
analysis and the stress and displacement outputs for this particular case discussed.
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4.2

Electrostatic forces in the sensor system
The Principal of operation behind capacitive pressure sensors is quite well

known. Essentially the sensor is a parallel plate capacitor consisting of two oppositely
charged plates. When one of these plates (Poly-silicon diaphragm) is displaced due to
an applied pressure there is a corresponding change in the capacitance of the circuit.
This is the mechanism by which a change in pressure is detected. This is illustrated in
figure 4.1

----^-----Drain

Nitride
Oxide
Source

Drain

Substrate

Figure 4.1: Displacement of the polysilicon diaphragm into the sensor cavity,
illustrating the different elements in the system (not to scale) [113 ].
When the two plates are charged there is a net attractive force between them
i.e. an electrostatic load on the polysilicon membrane. This load has an effect on the
behaviour of the sensor and a means of modelling this force is necessary. This
requires the development of coupled field analysis models in ANSYS [114], which
allows the electrostatic forces to be combined with the structural elements of the
model
As the pressure sensor registers a change in the displacement of the sensor
diaphragm due to an applied pressure by detecting the resultant change in capacitance
it is necessary to develop a method of extracting the capacitance of the system from
both the three-dimensional and two-dimensional axis-symmetric models.
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4.3

Mechanical Behaviour of Classical Structures Under Electro-Static
Actuation

In order to gain a better understanding of the behaviour of structures such as
fixed-fixed beams and clamped plates it was necessary to develop analytical models
of such systems. These analytical models are also crucial in establishing the validity
of outputted values from the TEA models.
The first step is to model the electro-static attraction between the twocapacitor plates in the sensor system. This force is such that it can cause a
displacement in the sensor diaphragm even without an applied pressure. Therefore it
must be included in the behavioural model as it can have a significant effect on the
behaviour of the sensor element. Such an electrostatic system is illustrated in figure
4.2.
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Figure 4.2: Electrostatic system set-up.

The system is composed of two charged parallel plates. The original distance
between the plates is denoted by Xq. The force Fs is the elastic energy stored in the
structure resisting displacement, this is further illustrated by the spring symbol. 8o is
the permitivity of the dielectric medium, i.e. how difficult it is for charge to migrate
through the medium. Fg is the electrostatic force in the system due to an applied
voltage, which is pulling against the structure, in this case the upper capacitor plate,
which has some freedom to move, compared to the fixed lower electrode.
Analysis of such a structure requires coupling between the structure and
electrostatic domains. Such an analysis must be iterative because when the upper plate
moves due to the electrostatic load the electrostatic force increases and must be
recalculated and the effect of this increased load on the structural domain must be
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recalculated. This process continues until the structural elastic forces balance the
electrostatic forces in the system or pull-in and touch-down occurs. These concepts
will be further developed in the following sections and analytical solutions developed.
It is also a necessary that values for the capacitance output of the pressure
sensor element can be calculated analytically. There are classical equations for the
behaviour of electrostatic, structural and capacitive systems. These analytical
equations are calculated using an EXCEL spreadsheet with the fundamental equations
that govern the mechanical and electrostatic behaviour of capacitors.

4.4

Coupled Field Analysis of MEMS Structures
Micro-electro-mechanical systems (MEMS) are often designed on scales at

which electrostatic forces are capable of moving or deforming parts of the system
[115]. When designing an electromechanical actuator it is typical to apply an
actuating voltage to the undeformed device. This induces charges on the surface of the
conductors in the system. These charges induce a surface normal pressure over the
device. The applied electrostatic load causes the device to deform. In general such
deformation will lead to reorganisation of all surface charges and thereby electrostatic
pressures on the device. This work is particularly focused on the sub-set of devices in
which this reorganisation of charge is large enough to cause further deformation as in
electrostatic pull-in behaviour. We consider such device to exhibit “coupled electro
mechanical behaviour”. In order to model them we must find solutions in which the
electrostatic loads are exactly balanced by the stresses of the solid deforming due to
these electrostatic loads. Hence the necessity of an iterative solution due to the inter
dependence of the two forces.

4.4.1

Electrostatic Calculations
In the systems explored in this work the pressure sensor diaphragm is assumed

to be a circular plate with clamped edges. The force of electrostatic attraction between
the clamped plate and the substrate due to an applied voltage can cause a significant
displacement. Indeed this effect is employed in many microsystem devices as a means
of actuation such as micro-pumps [116] or fiber-optical switches [22]. The force of
electrostatic attraction can be expressed as a uniformly distributed pressure or
force,

[118], on a surface is calculated using:
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p
^ ES =

(Eqn. 4.1)

2 (d - x)^

where V is the voltage difference between the diaphragm and the substrate, s is the
effective permittivity of the combined dielectrics, d is the original distance between
the diaphragm and the substrate and X is the change in that distance when the
diaphragm displaces under and electrostatic load. This calculates the force per unit
area (i.e. pressure) generated by the applied voltage. Therefore the total pressure load
on a diaphragm under both an electrostatic and pressure load is equal to:

P = ^PES ^
+ ^PPRES

(Eqn. 4.2)

^

This load is then entered into the classical formulae for the displacement of a circular
clamped plate as encountered in section 3.5 for the linear non-linear cases. The
solution is iterative due to the interdependence between the applied load (electrostatic
and pressure) and the displacement due to that applied force. The displacement results
in a change in the electrostatic force due to the reduction in distance between the
diaphragm and the bottom of the cavity as can be seen in equation 4.1. It is important
to note that this method does not take into account the non-uniform displacement of
the sensor diaphragm i.e. it assumes that the surface remains flat. This works well for
small displacements but fails at larger ones as with a larger displacement the centre of
the disc is much closer to the bottom of the sensor cavity than the outer edges of the
disc.
The capacitive pressure sensor that this project is based upon consists of three
dielectric layers as can be seen in figure 4.1. In order to establish that an FEA
simulation can model a coupled field system a simple system was simulated using
both analytical methods and FEA. The system chosen is that of a circular plate with
fully clamped edges, suspended above a fixed ground plate with air as the dielectric
medium. The FEA model utilised was a 2D axis-symmetric one to reduce the
computational resources required.
The analytical coupled field model first calculates the electrostatic force in the
system due to an applied voltage using the electrostatic pressures formula (Eqn. 4.1).
This is the electrostatic domain of the analysis.
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This electrostatic domain is then coupled with the linear and non-linear
equations for the displacement of a circular fully clamped plate under the application
of a UDL (pressure). The electrostatic and structural sections iterate back and forth
until the mechanical forces in the system are balanced with the electrostatic ones.
The results from these analyses are then compared to a coupled field ANSYS
model. The output is detailed in figure 4.3. The radius of the disc is 50 microns,
thickness is 1 micron, the cavity depth is taken as 1.5 microns, the material properties
of titanium are used, i.e. Young’s modulus of 110 GPa and a Poisson’s ratio of 0.33.

Graph of Applied Voltage Versus Displacement for ANSYS, linear and Non
linear Calculations.

Figure 4.3: Graph of the response of a fully clamped circular plate subjected to an
electrostatic load.

It is clear that there is a very good match between the displacement of the
ANSYS models and the linear and non-linear analytical equations, especially at lower
voltages. The divergence at higher voltages is because the analytical model assumes
that the conductors in the system remain flat as they move towards each other. This is
not true however, as the centre point of the diaphragm displaces it follows a curved
profile. At low voltages the assumption that the plates remain flat is more successful
as the displacement is small however at greater voltages the displacement is large and
the curvature of the plate has a larger effect on the electrostatic forces in the system.
95

This model is superior to a linear analysis as it takes aecount the non-linear behaviour
of the material i.e. the stress stiffening that oceurs when the displacement becomes
greater than half the plate thickness [105]. The linear analysis can be utilised at low
voltages, as the error here is low compared to other cases. It should be noted that the
ANSYS models that include electro-static actuation are all non-linear as it is not
possible for the program to perform such calculations linearly [107].

4.4.2

Capacitance Extraction
Capacitance is the ratio of charge to potential. The capacitance between two

parallel plates of area A separated by a dielectric 8 and a distance d apart is given by
the formula [120]: -

(Eqn. 4.3)

C-

If, as in the case of the pressure sensor system, there are more than one
parallel dielectric layers in the system, the capacitance of each layer is calculated and
then combined using the formula: -

= (c nitride + coxide

+

Cair-gap

/

'

(Eqn. 4.4)

This works well for flat plates, however when the upper diaphragm displaces
(following a curved profile), d is different at every point of the diaphragm. Also due
to the stretching of the diaphragm the surface area of the conductor increases. The
total capacitance of the displaced conductor can be found from Eqn. 4.5. This splits
the displaced diaphragm into N ring sections, the area of which and the distance from
the ground plate is calculated, and used to calculate the capacitance for each ring and
the results are summed to obtain the total system capacitance. This can be seen in
figures 4.4 and 4.5 where the sensor diaphragm is divided into N=4 sections.
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Figure 4.4: Dividing the sensor diaphragm into N=4 rings before solving for the
capacitance of each ring and summing to get the total capacitance.

Figure 4.5: Dividing the sensor diaphragm into N=4 rings before solving for the
capacitance of each ring and summing to get the total capacitance.

+(^«-i y F

(Eqn. 4.5)

where: (Eqn. 4.6)

The capacitance is calculated for the oxide and nitride layers using Eqn. (4.3) as the
thickness of these layers remains constant and therefore the capacitance remains
constant. The capacitances of the three sections are then summed together using Eqn.
(4.7)
Ctotal

Cox.Cnit.Cair/ (Cox.”^Cnit.“*”Cair)
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(Eqn. 4.7)

The system was modelled using this formula using different values of N. The system
converges when N=50, beyond this the improvement in the output from the analytical
model is small. The capacitance of the sensor system is extracted using the ANSYS
CMATRIX [114] macro. The outputted results compared to output using TEA are
graphed in figure 4.6.

Figure 4.6: Analytical versus TEA capacitance output for full sensor geometry.

The major source of error is the effect of the “rim” of the sensor cavity, which
was omitted in the analytical model. The error from this simulation is in the region of
10 percent.
This section has demonstrated that the FEA modelling of the capacitive
pressure sensor system can be carried out using an analytical method. However this
method is quite time consuming. The use of an FEA model is much faster and is
capable of including the effect of the cavity “rim”. The capacitor system modelled is
composed of a variety of different dielectrics and different thickness’. This suggests
that the FEA method has no difficulty calculating capacitance for systems that include
different combinations of dielectrics and also dielectric thickness. However, when
fringe effects are included the capacitance output is greater than the analytical models
predict. This behaviour is explored in the next section.
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4.4.3

Electrostatic Field Fringing
The increase in device capacitance because of electrostatic field fringing is

often ignored during analysis of microelectromechanical systems. This increase may
be substantial when the beam-width becomes small in comparison to the airgap, i.e.
when the airgap/width ratio becomes large. The parallel-plate approximation (Co= 8
T^/g) (Eqn. 4.3 where L is length and B is breath of conductor) is no longer valid in
this case. The larger capacitance causes a corresponding increase in the electrostatic
energy between the plates, reducing the voltage needed to achieve pull-in. To first
order, fringing fields may be approximately compensated for by using an ‘effective
width’,

beff,

in calculations such as the ones above (Eqn. 4.3), where

=b\ 1-0.65^ [121]. To put this simply fringing effects create a higher
capacitance in the system. This can be compensated for by calculating the capacitance
as if there were larger conductors in the system. As a result the area of the capacitor
plate used to calculate capacitance is not LxB, length by breath but rather LxBgff.
Fringing can be best expressed as an increase in the capacitance of a capacitor
due to the capacitor plate’s electric field, which extends beyond the boundaries of the
capacitor plates. The electric field past the capacitor plate edges is known as the
fringing field. Figures 4.7 and 4.8 details the fringing field for a parallel plate
capacitor i.e. one in which both the charged plate and the ground plate are of the same
size and also for a conductor over an infinite ground plate.

Figure 4.7: Electrostatic fringing fields for a parallel plate capacitor with a ground
plate of the same size.
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Electric Field Lines

Figure 4.8: Electrostatic fringing fields for a parallel plate capacitor with an infinite
ground plate.

According to Cheng et al. [122] fringing effects can have a substantial effect
on the pull-in (explored in section 4.4.6) voltage of conductors. The fringe effect will
increase the travel range from 40% to 42% for fixed-fixed beams, 45.4% to 47.2% for
a cantilever beam and 45.6% to 41.6% for a clamped circular membrane [122].
Capacitance measurements were carried out using AN SYS and Coventorware
(see section 4.4.7 below). The Coventorware simulations were conducted independent
of this work at the National Microelectronics Research Center in Cork. The ANSYS
simulation was carried out for both a non-fringing (Voltage applied to lower surface
of conductor only) and a fringing case (Voltage applied to all sides of the conductor)
for a rectangular beam 100 microns in length, 1 micron thickness and varying breath.
The output was then compared to the output from Coventorware simulations.
The following graphs detail the effect of including fringing in a capacitance
calculation. The same system was also modeled using Coventorware in order to
establish the comparability of these packages. The analytical solution was calculated
for a parallel plate system not including fringing. ANSYS was then used to model the
capacitance of a beam suspended above an Infinite Ground Plate (IGP) and a
Concentric Ground Plate (CGP) of the same shape. These different boundary
conditions affect the shape and magnitude of the fringing fields. The Coventorware
simulations were performed for a concentric plate of the same shape. It should be
noted that in the pressure sensor system fringing has negligible effect, as the ratio of
gap to “width” is very small. The graphical output can be seen in figure 4.9.
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Figure 4.9: Graph capacitance for a 100 pm beam, 1 pm thick, 1 pm gap and air
dielectric.

We can seen in graph 4.9 that the effect of fringing can be quite significant, leading to
a 20 percent error between analytical solutions (no fringing) and the solutions that
include fringing. It is clear that these errors are quite constant for the range of values
investigated. This suggests that it is necessary to include fringing in beam structures
with a large airgap/width ration. It is also clear from this graph that ANSYS and
CoventorWare incorporate fringing effects differently i.e. the effective width
calculation Eqn. 4.8. However further investigation of this topic is beyond the scope
of this work. The necessity of getting the correct boundary conditions, i.e. concentric
or infinite ground plates is also clearly demonstrated.

4.4.4

SUGAR

SUGAR [124] is a modified nodal analysis packages for 3D MEMS
simulation that owes its heritage and its name to the SPICE [151,152] family of
circuit simulation. It is an open source package. SUGAR has undergone the stage of
proof-of-concept, which showed that modified nodal analysis was in fact just as
accurate and much faster that finite element simulation on many MEMS problems
[123,124].
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As in SPICE, a MEMS designer is enabled to describe a device in a compact
netlist format. Later he or she can very quickly simulate the device’s behaviour.
SUGAR is primarily written in MATLAB. But some routines are written in C and
pre-compiled as MATLAB external functions. SUGAR runs only inside MATLAB
[125].
During the course of this work a comparison between the modelling behaviour
of SUGAR and ANSYS was conducted. This provides additional validation of the
suitability of ANSYS to model electrostatic systems. The dimensions of the
rectangular beam utilised for this comparison are 1 pm gap, thickness of 1.5 pm,
depth 1 pm in two-dimensional models. The material properties for titanium used are
Young’s modulus of E=110GPa and a Poisson’ ratio of 0.33. Two different anchor
structures were used for this comparison. They are a fixed-fixed beam and a step-up
beam. Both cases are illustrated in figure 4.10. The graphical outputs are illustrated in
figures 4.11-4.16.

r
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Figure 4.10: Both cases used to compare ANSYS and SUGAR.
Ideal Clamped Fixed-fixed Beam, 100 micron's in Length

Figure 4.11: Graph of the behaviour of a 100-micron fixed-fixed beam under electro-static
actuation modelled using ANSYS and SUGAR.
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Ideally Clamped Fixed-fixed Beam, 400 Microns in Length.

Figure 4.12: Graph of the behaviour of a 400-micron fixed-fixed beam under electro-static
actuation modelled using ANSYS and SUGAR.
Ideally Clamped Fixed-fixed Beam, 500 micron's in Length.

Figure 4.13: Graph of the behaviour of a 500-micron fixed-fixed beam under electro-static
actuation modelled using ANSYS and SUGAR.

It is clear from figures 4.8 to 4.10 that ANSYS and SUGAR have similar outputs for
the systems modelled. At lower voltages the error is negligible however this becomes
greater at higher voltages. This is attributed to a difference in the manner with which
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the fringing factor is calculated. The following set of results use a different anchor
structure that of a step up, illustrated in figure 4.10.

Ideally Clamped Beam with Fixed Step Up Anchor, length 100 micron's.

Figure 4.14: Graph of the behaviour of a 100-micron step up beam under electro-static
actuation modelled using ANSYS and SUGAR.
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Figure 4.15: Graph of the behaviour of a 400-micron step up beam under electro-static
actuation modelled using ANSYS and SUGAR.
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5

Ideally Clamped Beam with a Fully Fixed Step Up Anchor, Beam Length 500
micron’s.

Figure 4.16: Graph of the behaviour of a 500-micron step up beam under electro-static
actuation modelled using ANSYS and SUGAR.
For the step up geometry (detailed in figure 4.1 OB) the comparison between
SUGAR and ANSYS is practically identical. This demonstrates that the error at larger
voltages is constant for differing geometries. The cause of this error was described in
the previous section as being due to differences in calculating electrostatic fringing
factors. Both software packages are suitable for modelling electrostatic systems. The
capability of ANSYS to model coupled-field systems was demonstrated in section
4.4.1 and SUGAR provides similar results for the same electro-mechanical systems.

4.4.5 Electrostatic pull-in theory
Most electrostatically driven microdevices exhibit an inherent instability in
their operating behaviour. Typical examples include comb-drives, membrane-driven
pumps, microrelays, and micromirrors on the actuator side. On the other sensor side
they include gyroscopes and pressure sensors. The unstable behaviour is referred to as
the pull-in or snap down effect. This phenomenon is an inevitable consequence of the
simultaneous competitive and electrostatic forces [117, 118, 119, 121, 126, 127].
The pull-in effect can be analysed using a clamped beam suspended over a
fixed electrode. L, b and h denote the dimensions of the beam, which represent length,
breadth and thickness respectively, g is the origional distance between the clamped
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beam and the underlying ground plate. When a DC voltage, V, is applied across the
two plates of the device an attractive electrostatic force between the two plates is
created, causing the upper moveable electrode (beam or plate) to move downwards
towards the ground plate. The use of the term non-linearity means that at a certain
critical ‘pull-in’ voltage, Vpl, the downward electrostatic force is no longer balanced
by the elastic restoring force provided by the beam anchors. The structure becomes
rapidly unstable, and spontaneously collapses or ‘pulls-in’ to the ground plate [128].
The system is described in figure 4.17.
Fixed-Fi\ed

Dielectric
Anchor

Anchor"

■

Ground

Figure 4.17: Detailing experimental set up for pull-in analysis.
The pull-in voltage may be found by solving the fundamental equations for the
electromechanical behaviour of a fixed-fixed beam system. Firstly the boundary
conditions are prescribed to be fully fixed at either end of the beam i.e. that the beam
is fully constrained in all three degrees of freedom. Mathematically this is expressed
as

(Eqn. 4.9)

dx

where (x,y) is the deformation of the beam in the vertical Z-direction from its
unloaded position as a function of the horizontal X- and T-coordinates. The elastic
deformation of the beam is stored as potential energy, like stretched elastic. This
elastic potential resists the electrostatic pressure on the beam, when the two forces are
balanced displacement halts due to the equilibrium state. The potential energy stored
in the displaced beam can be expressed as:

(j^hbL
2E

(cr^ + Acr)^ hhL
2E

(Eqn. 4.10)
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where cr^ is the original (undeflected) uniaxial stress in the beam, and Act is

the additional stress induced by the beam stretching [129]. According to Hooke’s law,
this is A(j = EA£ = EAL/L, where E is the Young’s modulus of the material, and
As is the additional strain induced by the displacement of the beam. The profile of the
deflected beam is assumed to be w(x) = wicos (tixIL), where w, is the maximum
(central) deflection [130]. This satisfies equation (Eqn. 4.9) above. The

increase

in

beam length due to stretching, AL, may be approximated by [130]
dw\ ,
TT
2
ax = —-w,
4L^
dx

AL

(Eqn. 4.7)

Combining these equations creates the following: \}mM =

TT^ahhw,
Tt^hhEw,
hhLcr^
+------ ^------ !—+--------- ^
2E
AL
32U

(Eqn. 4.8)

The first term represents the initial potential energy of the undeflected beam
due to residual stress in the thin film from which the beam is etched, and remains
constant for a given structure. The second and third terms represents the additional
energy generated by the beam stretching, also known as the stress-stiffening effect
[129]. For the range of stresses (> 400 MPa) and dimensions commonly
encountered in MEMS fabrication processes, equation (4.8) is dominated by the first
two terms, and the contribution made by third term is negligible. For example, taking
the dimensions of the beam as 100x20x 1 microns with a residual stress of 200 MPa
and Young’s modulus as 165 GN/m^ and Poisson ration of 0.25, the sum of the first
two terms is 248.6 whereas the third term is 0.04. For simplicity, the third term is
discarded throughout the remainder of this analysis.
The bending energy of the beam is [130]

El M d"w
i/.w—I
dx‘

dx =

(Eqn. 4.13)
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where / = bh^ /12 is the second moment of area of the beam. Since the electrostatic
energy stored in a capacitor is V2CW the potential electrostatic energy of this system
is
LH

-----dx = -

(Eqn. 4.14)

where Co and g represent the initial (undeflected, zero-voltage) capacitive and airgap
between the plates, respectively. The total potential energy of this system is, fl, is
therefore
n = U^ + Uz, + U,/

(Eqn. 4.15)

where IT is the potential energy contained in the system.

For a stable equilibrium to exist at a given displacement, the total force acting
on the beam must be zero, (i.e. dn/dw\ = 0). The system becomes unstable at
d^W
- 0, when V = V^,. Solving the second of these conditions, we find that this
dw^

instability occurs when w/= /3g, i.e. pull-in occurs when the beam centre has travelled
through V3 gap spacing. Substitution of w/=V3g into dn/dw\ = 0 allows evaluation of
the voltage at that point (Vpi), which for an ideal beam is

Vp,=

eV

+

(Eqn. 4.16)

eV

where Cl and C2 are derived from expressions for the beam bending and stretching
energies, respectively. They are also dependant on beam boundary conditions and
initial shape. For an ideal fixed beam they are 12 and 3.6 respectively [131]. As a
result they must be recalculated for every individual boundary condition for a beam.
Structures for measuring pull-in voltage have been manufactured by the
NMRC using silicon micro-machining technology. A scanning electro-microscope
(SEM) offers a view of a fabricated device in figure 4.18.
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Figure 4.18: NMRC Fixed-fixed beam used for electro-static pull-in analysis.
An idealised fixed-fixed structure was modelled using ANSYS and the output
voltage/displacement and voltage/capacitance graphs can be seen in figures 4.19 and
4.20. The beam utilised was 20 microns by 100 microns and 1 micron thick. The air
or dielectric gap was 1.5 microns.
Graph of Simulated Voltage Versus Displacement for a 100x20x1 um Fixed-fixed
Beam, Air Dielectric and 1.5 um Gap.

Figure 4.19: Displacement versus voltage for a fixed-fixed beam.

It can be seen in the graph that as voltage increases the displacement also
increases. The response is non-linear due to the displacement of the beam, the
electrostatic force between two plates is proportional to the square of the distance
between them, so as the plate displaces the distance is reduced and the force increases.
Pull-in occurs in the region of 83 volts, this is clear from the sudden large
displacement of the beam to the point where it encounters the bottom fixed plane.
Pull-in occurs at 45.33 percent of the travel distance. This concurs well with results
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discussed in section 4.4.4. The material properties used are those of polysilicon i.e.
young’s modulus 165 MPa and Poission’s ratio 0.22. The capacitance behaviour is
displayed in figure 4.20.
Graph of Voltage versus Capacitance for a 100x20x1 urn Fixed-fixed Beam, Air
Dielectric and 1.5 um Gap.

Figure 4.20: Capacitance versus voltage for a fixed-fixed beam.

As the beam displaces downwards toward the stationary electrode the capacitance
increases as C=sA/l as detailed in section 4.4.3. The capacitance does not begin at the
origin as the original gap creates a capacitance value. It can be seen that as the beam
displaces capacitance increases. This increase is not linear as the beam follows a
curved profile. As a result of this some parts (centre section) are close to the ground
plane and have a high capacitance while other parts near the anchor are far away and
have a lower capacitance. The graphed capacitance is the sum of all these different
values.
The pull-in behaviour of two different beam geometries, were modelled using
Coventorware and ANSYS in order to determine whether or not both packages
function in a similar fashion. This acts as an additional form of validation of
ANSYS’s capability for modelling electrostatic systems.

4.4.6

CoventorWare
As mentioned in the previous section the commercial software package

Coventorware [132] was used to model the pull-in behaviour of two structures. These
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structures were the fixed-fixed and step up structures seen in figure 4.10. This work
was conducted independently at the NMRC and the results of their work were
compared to the output from pull-in simulations eonducted during the course of this
work. This section introduces the Coventorware software package.
CoventorWare is a fully integrated MEMS design environment. Its capabilities
allow the user to by-pass computationally intensive tools during the initial design
stage to efficiently explore designs and converge on a design that has a high
probability of success. A MEMS device can be modelled using parametric
behavioural models of MEMS structures. The MEMS deviee behaviour, that of the
electronic control circuitry, environmental effects and other surrounding systems can
then be simultaneously evaluated. Results are comparable to FEM results, but take
only a fraction of the time, so the user can efficiently explore options to converge on a
design.

4.4.7

ANSYS/Conventorware Comparison
The electrostatic Pull-in behaviour of a fixed-fixed beam was modelled using

AN SYS and compared to the output from a similar model created in Conventorware.
The systems modelled were a fixed-fixed beam and a beam with a step up anchor
geometry. They are illustrated in figure 4.21.

Figure 4.21: Both cases used to simulate electro-static pull-in in ANSYS and
Coventorware.

It is worthy of note that the step up model (B) better reflects the actual geometry of
sensors encountered in this work and also micromachined beams fabricated by the
NMRC for pull-in voltage research. Both systems were modelled using both 2D and
3D simulation methods. The Coventorware simulations were undertaken in 3D only.
The results are detailed in figures 4.22,4.23 and 4.24
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Fixed-fixed Beam

Figure 4.22: Graphs detailing the pull-in behaviour of fixed-fixed modelled in
Coventorware and ANSYS.
Step-up Support

Figure 4.23: Graphs detailing the pull-in behaviour of “Step up” beams modelled in
Coventorware and ANSYS.

It is clear from these graphs that there is little error between the Coventorware and
ANSYS solutions for both geometries. There is some degree of error at larger
voltages. This is due to fringing effects and differences in the meshes utilised. The
pullin voltages for both software packages displayed a low degree of error between
them, in the region of 3-4% for each measurement. The Cl and C2 extracted
parameters are compared in table 4.1 :-
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Beam Case

Cl Coventorware

C2 Coventorware

Cl ANSYS

C2 ANSYS

Ideally

14.79

4.69

14.68

4.985

9.98

3.59

clamped
Step up

-

-

Table 4.1: Comparing the extracted parameter for Cl anc C2 from coventorware and
ANSYS

The output is similar for both software packages. This suggests that these software
packages can be applied in the analysis of MEMS systems. The

results

from

the

ANSYS simulation for both systems were also compared in order to establish the
difference created by using the step-up anchor. The results from the three-dimensional
ANSYS simulation were utilised and the results are detailed in figure 4.24.
Bfect of Changing the Anchor Geometry on Pull-in Voltage. Modelled in 3D
using ANSYS.

Figure 4.24: Pull-in voltage for both a step-up geometry and a fixed-fixed geometry
with varying lengths.

It is clear from this graph that with shorter beams there is a large difference in
the pull-in voltage due to the different anchors. The difference is in the region of 16
percent. However for longer beams between three and five hundred microns this
difference is much less, being in the region of one percent. This is because the surface
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area of the conductor is much larger and therefore the electrostatic force is larger and
the effect of the anchor becomes negligible.

4.5

Comparison of 2D and 3D models for Voltage and Capacitance.
Three-dimensional models are computationally expensive, meaning that they

can take an excessive amount of time to calculate. Often it is possible to use a twodimensional axis-symmetric model of structures. This is discussed in section 3.8.1.
I'he circular sensor geometry lends itself well to axis-symmetric analysis due to its
symmetrical nature, however in the case of a square or rectangular sensor or some
other more complicated structure three-dimensional models may be required.
Therefore a three-dimensional modelling methodology was also developed during the
course of this work, which is equal in capability as the axis-symmetric method. Twodimensional axis-symmetric and three-dimensional quarter models of the capacitive
pressure sensor system were modelled for applied voltage and capacitance. The
results are detailed in figures 4.25 and 4.26.
Two-dimensional Axis-symmetric/Three-dimensional Comparision for Full Sensor
Structure, no Residual Stress of Pressure Load.

Figure 4.25: Graph of applied voltage versus centre point displacement for full sensor
geometry comparing two-dimensional axis-symmetric case and the three-dimensional
quarter model output, with no residual stress or pressure loading.

The error between the two models is in the region of four percent. The divergence at
higher voltages is attributed to the effect of Young’s modulus in the three-dimensional
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model. This suggests that the electrostatic behaviour of the pressure sensor can be
adequately modelled using a two-dimensional axis-symmetric model.
Two-dimensional Axis-symmetric/Three-dimensional Comparision for Full Sensor
Structure, no Residual Stress of Pressure Load.

Figure 4.26: Graph of applied voltage versus capacitance for full sensor geometry
comparing two-dimensional axis-symmetric case and the three-dimensional quarter
model output, with no residual stress or pressure loading.
Despite the appearance of the graph suggesting a large error it is actually in
the region of 1.5 percent. It appears more due to the scale of the graph. Both models
follow the same profile and this demonstrates that the capacitive behaviour of the
capacitive pressure sensor can be adequately modelled using a two-dimensional axissymmetric model of the system.

4.6

ANSYS Models of Pressure Sensor Geometry
The capacitance behaviour of the capacitive pressure sensor, which is the

focus of this work, for an applied voltage or pressure, and a residual stress was
modelled. The sensor diaphragm is 84 micron’s in diameter, oxide, nitride and cavity
thickness are 0.2 micron, 0.08 micron and 0.5 micron respectively. The dielectric
constants of silicon nitride and oxide are 7.5 and 2.5 [2]. The system was modelled
using a two-dimensional axis-symmetric model of the structure. The anchoring of the
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diaphragm was with a step up clamped at the bottome of the step. This can be seen in
section 3.2 figure 3.6 and 3.7. The results are graphed as in figures 4.27-4.30.
Voltage versus Capacitance
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Figure 4.27: Graph of pressure sensor capacitance behaviour for differing residual
stress and applied voltage.
Voltage versus Displacement
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Figure 4.28: Graph of pressure sensor displacement for differing residual stress and
applied voltage.

From figure 4.27 and 4.28 it is clear that as the residual stress is increased the
sensor diaphragm becomes stiffer. The difference between the different initial
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capacitance and displacement values for different residual stress conditions is due to
the existence of an initial displacement due to the effect of residual stress. The
displacement direction is into the sensor cavity as the external pressure increases. The
increased stiffness of the sensor diaphragm due to the residual stress results in
reduction in displacement for a given load. This demonstrates how control over the
manufacturing process can enable a sensor of set dimensions have an increased range
and sensitivity. As a result of this a larger voltage is required to displace the
diaphragm and therefore the pull-in voltage increases. Also it can be seen that as the
residual stress is increased there is an initial displacement in the diaphragm resulting
in a higher initial capacitance. A system like this could be used to manufacture a
micro-actuator such as those used in microfluidic pumps or resonating diaphragms.

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Pressure (MPa)

Figure 4.29: Graph of pressure sensor capacitance for differing residual stress and
applied pressure, voltage is zero.
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Applied Pressure Versus Displacement.

Figure 4.30: Graph of pressure sensor displacement for differing residual stress and
applied pressure, voltage is zero.

From figure 4.29 and 4.30 it is clear that the behaviour is similar to the applied
voltage cases seen in the previous section. In figure 4.28 the effect of touch down can
be seen as the horizontal line at a displacement of 0.5 micron (Depth of sensor cavity)
and additional displacement ceases. The effect on capacitance when touch down
occurs is not graphed as the output becomes erratic beyond this point. As in the
applied voltage case the increased stiffness of the sensor diaphragm due to the
residual stress results in an increased pressure range i.e. the maximum pressure that
the sensor can sense is increased. In fact if a residual stress of 200 MPa is
incorporated into the sensor the pressure range over which it can be used is tripled.

4.7

Contact or touch-down.
As the sensor diaphragm displaces into the sensor cavity, if the load continues

to increase, ultimately a point will be reached where the diaphragm encounters the
bottom of the cavity. This is known as contact or touch-down. In the modelling of
MEMS devices depending on the movement of membrane structures the touch-down
effect must be considered [112]. Touch-down may occur due to an applied pressure,
large compressive residual stress or exceeding the pull-in voltage for the system. This
is illustrated in figure 4.31.
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Figure 4.31: Normal mode and touch mode pressure sensors demonstrating what
occurs when the sensor diaphragm encounters the bottom of the diaphragm.

In figure 4.31, it can be seen that if the loads in the system (pressure, residual
stress or voltage) are large enough the sensor diaphragm encounters the bottom of the
sensor cavity. The nitride and oxide dielectric layers prevent short circuit from
occurring, allowing the sensor to continue to function as a touch mode pressure
sensor. Touch mode pressure sensors function using this principle, with the sensor
diaphragm permanently in the touched down position. The advantages of this design
are good linearity in the operating range, mechanical toughness and larger overload
protection [40]. This mode of operation is beyond the scope of this project. However,
as this is part of the behaviour of the pressure sensor, contact is included in the FEA
models of the system.
Touch down behaviour can be simulated in ANSYS by creating a rigid target
layer at the base of the cavity (coincident with the top of the nitride layer) and
creating a contact layer along the base of the sensor polysilicon. When the simulated
deflection of the polysilicon causes any of the nodes in the contact layer to touch the
target layer any further displacement of those nodes is prohibited, effectively
establishing new boundary conditions for subsequent simulation. A similar approach
was used in ref. [40], they were simulating a touch mode sensor where the diaphragm
is in contact with the base of the cavity in normal operation.
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It should be noted that ANSYS has diffieulty with the graphical representation
of contact in an electrostatic analysis. If a purely structural analysis is conducted it is
clear where contact occurs, however in an electrostatic analysis the original position
of the elements is moved due to morphing (i.e. the movement of nodes in selected
elements to conform to a structural displacement) of the mesh structure by the
ESSOLVE (coupled field analysis macro) command. This can be seen in figures 4.32
and 4.33.

AN

NODAL SOLUTION

JUN 19 2003
10:39:16
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SUB =1
TIME=1
SEQV
(AVG)
DMX =.500032
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SMX =249.045

.270E-04

55.343
27.672

110.687
83.015

166.03
138.358

221.373
193.702
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Figure 4.32: Contact in a purely structural analysis.
In this case (figure 4.32) an applied load of 0.25 MPa has resulted in contact
occurring. At the left of the 2D axis-symmetric model it is clear where the centre of
the sensor diaphragm has encountered the bottom of the sensor cavity and further
displacement beyond that point is prevented by the contact elements. This can be seen
as a “flattening ouf ’ of the diaphragm as it encounters the bottom of the sensor cavity.
If the same load is applied in a coupled field analysis with zero volts in a coupled
field analysis in theory the same result should be achieved. The actual output can be
seen in figure 4.33.
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Figure 4,33: Contact in a coupled field analysis using the ESSOLVE macro.
This output is clearly different. It appears that the polysilicon diaphragm has
passed through the nitride and oxide substrate layers. It is also important to note that
the stress magnitude and distribution is different. This is a result of the structural
morphing and remeshing that takes place when the ESSOLVE command is in
operation i.e. that it remeshes elements and nodes in accordance with an applied load.
This can be seen in figures 4.34 and 4.35.
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Figure 4.34: No remeshing of the nodes and elements in a purely structural analysis.

Clearly in figure 4.34 no altering of the mesh has occurred in this purely
structural analysis. However in figure 4.35 it is clear that the mesh has been
dramatically altered. The ANSYS matrix file that contains data relating to the
positions of the individual nodes has been altered.
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Figure 4.35: Remeshing has occurred due to the effects of the ESSOLVE Command.

122

It is important to recall that the purpose of the remeshing is due to the iterative
nature of a coupled field analysis i.e. in the first iteration when the electrostatic loads
are calculated and applied to the structural section and the nodes are moved in
accordance to this load. In the second iteration the electrostatic force due to the
remeshed position of the nodes is calculated and applied to the structural part, this
continues until the solution converges and the electrostatic loads are balanced by the
structural. A close up image of the remeshed structure undergoing contact is detailed
in figure 4.36.
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Figure 4.36: Element plot detailing elements contacting after electrostatic
actuation and applied pressure.

Figure 4.37: Close up of the contacting elements detailing how they have been moved
from their original position be mesh morphing.
The difference between the stress plots as detailed in figures 4.32 and 4.33 is
believed to be because when the structural displacements are applied in the post
processor stage they are applied to the remeshed structure and not the original
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structure. Resulting in an erroneous output. This suggests that in a eoupled field
analysis that includes eontaet a designer should be aware that the output for stress
distribution might have a large error. However the eontaet behaviour regarding the
load required to initiate contact is correct.

4.8

Conclusions
This chapter outlined the eleetrostatic behaviour of MEMS devices and

demonstrated analytical and TEA modelling methods. The analysis packages
Coventorware and SUGAR were demonstrated and their output compared to that from
ANSYS. The behaviour of structures for both linear and non-linear analytical models
were ealculated and compared to the output from ANSYS. Capacitanee extraetion was
modelled analytically and also using ANSYS and the outputs were found to be in the
390 to 490 femto-Farad range. Eleetrostatic pull-in behaviour was deseribed and
modelled. The effeets of eleetrostatie fringing were explored. Finally the behaviour of
the capacitive pressure was modelled for the range of conditions. The output from
these models will be compared to experimental results in chapter six.
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Chapter 5: Coupled-Field Analyses
5.1

Introduction
This chapter develops the TEA simulation models of the capacitive pressure

sensor structure that were developed during the course of this work and the
methodology employed in their creation. These models were developed using the
Finite Element Analysis software ANSYS. The concept of coupled-field analysis is
introduced and the required ANSYS macros and their application in both twodimensional and three-dimensional simulation are discussed. The element types
utilised and any particular requirements for their use, e.g. set for an axis-symmetric
analysis or that boundary conditions must be applied to the underlying solid model,
are also described. The ANSYS macro for capacitance extraction is described and its
correct application in a coupled field problem is established. Two-dimensional axissymmetric modelling methods are discussed and finally two means of applying
residual stresses to an analysis, using the thermal method and the ISTRESS command
approach to a linear or non-linear analysis is also detailed.

5.2

The Need for FEA modelling
The rapid progress in Microsystems technology is increasingly supported by

MEMS-specific modelling methodologies and dedicated simulation tools. These do
not only allow the visualisation of the operational principles of a device, but they also
assist the designer in making decisions with a view to finding optimised
microstructures under technological and economic constraints [72J.
While the traditional experimental way of developing new microdevices
involves several design and fabrication cycles, until the given specifications are
satisfied, computer aided design (CAD) can reduce the number of costly trial and
error steps and decrease the turn-around times of development cycles. Hence,
modelling and numerical simulation is widely accepted as a cost-effective and
timesaving alternative approach.
It is an inherent problem of microsystem modelling, that most of the
constituent components, by their nature as transducer elements, couple different
energy and signal domains such as mechanical, fluidic, thermal, electrical, and other
physical or chemical quantities. As a consequence, the models underlying the
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simulation tools must be capable of accounting for a large variety of coupling effects
on the device level as well as on the system level.
Actually there are two main objectives for modelling and numerical simulation
1: Enhanced physical understanding of operational principles (“verification of
concepts”, “visualization of physical effects”) and 2: aid in making decisions during
(re-) design (“analysis of design variants”, “study of trade offs”).
When MEMS devices are too complex to use analytical formulae or some
approximations are not desirable, numerical simulations are the best alternative. A 3D
or 2D coupled field simulation is required. For example systems incorporating
multiple layers of differing materials and residual stresses such as in a MEMS device
or the simultaneous application of multiple forces to a structure. But finite element
analysis of structures subject to electronic forces is difficult because the electrostatic
force is non-uniform and changes as the structure deforms.
The finite element package ANSYS is capable of calculating both electrostatic
and structural analysis and a group of subroutines has been programmed in order to
build a self-consistent method. The macro command used for this coupling between
the electrostatic and structural domains is the ESSOLVE command. The modelling
procedure is detailed in this chapter.

5.3

ANSYS
ANSYS is a general-purpose software package based on the finite element

analysis (FEA) numerieal method. This allows three-dimensional or two-dimensional
simulation of complex systems. The analysis can be static, harmonic, modal and
transient; linear or non-linear. ANSYS parameter design language (APDL) provides a
convenient way to realise geometric coupled-field models [145].
Before an FEA simulation it is important to consider if it is necessary or would
classical equations suffice. If the decision is made to use FEA then the type of
elements to be used, the type of analysis to be conducted and whether or not 2D
simulation of the system in question would suffice must be considered. When the
model is created an iterative process takes place where the design is optimised and
refined and validated through experimentation before fabrication of a prototype of the
device or structure in question. This is detailed in block diagram format in figure 5.1.
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Figure 5.1: Process of a FEA simulation.

An ANSYS simulation is typically composed of three different modules. The
first is the input section. In this module data relating to the geometric features of the
structure to be simulated, its material properties, element types to be utilised, mesh
density etc. is set. The second module selects the type of analysis to be used, whether
it is a linear or non-linear analysis, coupled field or not, required iterations etc. this is
known as the calculation section. Finally the data from the calculation is present in a
graphical format or in an output data file. The modules are present in figure 5.2.
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Figure 5.2: ANSYS modelling modules.

5.4

Definition of Coupled-Field Analysis
A coupled-field analysis is an analysis that takes into account the interaction

(coupling) between two or more disciplines (fields) of engineering. A piezoelectric
analysis, for example, handles the interaction between the structural and electric
fields: it solves for the voltage distribution due to applied displacements, or vice
versa. Other examples of coupled-field analysis are thermal-stress analysis, thermalelectric analysis, and fluid-structure analysis.
Examples of the applications in which coupled-field analysis may be required
are pressure vessels (thermal-stress analysis), fluid flow constrictions (fluid-structure
analysis), induction heating (magnetic-thermal analysis), ultrasonic transducers
(piezoelectric analysis), magnetic forming (magneto-structural analysis), and micro
electro mechanical systems (MEMS). In this work the coupling between the
electrostatic attraction due to an applied voltage and the resulting structural
displacements are investigated [114].

5.4.1

Sequentially Coupled Physics Analysis
A sequentially coupled physics analysis is the combination of analyses from

different physical domains, which interact to solve an engineering problem. For
convenience, this section refers to the solutions and procedures associated with a
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particular engineering discipline as a physics analysis. When the input of one physics
analysis depends on the results from another analysis, the analyses are coupled.
In a sequentially coupled physics analysis, you can couple the two fields by
applying results from the first analysis as loads for the second analysis. The load
transfer occurs external to the analysis, and you must explicitly transfer loads using
the physies environment. An example of this type of analysis is a sequential thermalstress analysis where nodal temperatures from the thermal analysis are applied as
"body force" loads in the subsequent stress analysis.
The term sequentially coupled physics refers to solving one physics simulation
after another. Results from one analysis become loads for the next analysis. If the
analyses are fully coupled, results of the second analysis will change some input to
the first analysis. The complete set of boundary conditions and loads consists of the
following:
•

Base physics loads, which are not a function of other physics analyses. Such
loads also are called nominal boundary conditions.

•

Coupled loads, which are results of the other physics simulation.

Typical applications that can be solved with ANSYS include the following [148J:
I'hermal stress
Induction heating
Induction stirring
Steady-state fluid-structure interaction
Magneto-structural interaction
Electrostatic-structural interaction
Current eonduction-magnetostatics
The ANSYS program can perform multiphysics analyses with a single ANSYS
database (Each data base eontains the appropriate solid model, elements, loads, etc.).
A single set of nodes and elements will exist for the entire model. What these
elements represent are changes from one physics analysis to another, based on the use
of the physics environment eoncept.
The data flow for a sequential coupled field analysis in the physics
environment is detailed in figure 5.3.
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Figure 5.3: Data flow for a sequential eoupled field analysis.
The first sections, as mentioned previously, define the geometric structure of
the model, assign material properties and mesh the model. This information is stored
in physics files (environments). The solution section of the model then reads the
information (required material properties, elements types, boundary conditions etc.)
from the first part of the coupled model. This information is solved and the results
stored in a physics file. Data relating to the second part of the analysis is then read in
as well as the results from the first part of the sequential analysis. The results from the
first section are applied as loads in the second section and a coupled calculation takes
place. This results in a coupled field analysis that iterates until the forces in both
sections are balanced and the simulation is concluded.
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5.4.2

Two-dimensional Axis-symmetric Electrostatic-structural Interaction
Model
Due to the symmetrical nature of the circular pressure sensor it is possible to

model it two-dimensionally using axis-symmetric elements. An axis-symmetric
structure (defined with the axial direction along the global Y-axis and the radial
direction parallel to the global X-axis) may be represented by a plane (X,Y) finiteelement model. The use of an axis-symmetric model greatly reduces the modelling
and analysis time compared to that of an equivalent three-dimensional model [147].
This was demonstrated in section 3.8.1.
Any structure that displays geometric symmetry about a central axis (such as a
shell or solid of revolution) is an axis-symmetric structure. Examples would include
straight pipes, cones, circular plates, domes, and so forth. Models of axis-symmetric
3-D structures may be represented in equivalent 2-D form.
By definition, a fully axis-symmetric model can only be subjected to axissymmetric loads. For example in the case of the pressure sensor the applied load due
to pressure and electrostatic loading is to the entire surface of the sensor diaphragm,
making it a symmetrical load.
5.5

Solid Model Generation
In both the two-dimensional and three-dimensional models the first step is the

generation of the solid model. Simply put this is the underlying physical structure of
the object based on its geometry and boundaries between different materials. In the
two-dimensional case the model is composed of key-points, lines and areas. It is
similar in the three-dimensional case except volumes are also included. The purpose
of using a solid model is to relieve the user of the time-consuming task of building a
complicated finite element model by direct generation.
The first step in solid model generation is to create Keypoints, the points that
define the vertices of the model, are the “lowest-order” solid model entities. In
building the solid model, these keypoints are then used to define the “higher-order”
solid model entities (i.e., lines, areas, and volumes), are building the model “from the
bottom up.” This is detailed in figure 5.4. Depending on the case in question a suitable
nodal mesh is generated, i.e. some areas may require higher mesh densities in order to
allow a more accurate calculation. This is demonstrated in appendix 4 pages 201-204.
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Figure 5.4: Solid Model Entities.

5.5.1

Electrostatic Component

The first section of the sequential analysis calculates the electrostatic load that
will be applied as a pressure load in the structural section. In the two-dimensional
axis-symmetric case PLANE121 is used. PLANE121 is a two-dimensional, eightnode electrostatic element. The element has one degree of freedom, voltage, at each
node. The 8-node elements are well suited to model curved boundaries. The only
material property required is the permittivity of the medium in question. It should be
noted, that the permittivity of free space must also be inputted in both the two and
three-dimensional case. The third key option (KEYOPT(3)) must be set to 1 for an
axis-symmetric model [147].
In the three-dimensional case SOLID 122 can be used. SOLID 122 is a 3-D 20node solid element. The element has one degree of freedom, voltage, at each node. It
can tolerate irregular shapes without much loss of accuracy. SOLID 122 elements have
compatible voltage shapes and are well suited to model curved boundaries. The 20node electrostatic element is applicable to a three-dimensional, electrostatic field
analysis. 20 nodal points and the material properties of the structure define the
element [147].
The solution to the electrostatic-structural coupling requires re-meshing
(explained in Ch. 4) of the element mesh, therefore in the electrostatic part of the
simulation the region to be re-meshed must be defined i.e. by grouping the geometric
items of the cavity into a component using the CM command. In two-dimensional
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analysis this is composed of areas and in three-dimensional volumes. In the case of
the pressure sensor the diaphragm displaces into the evacuated cavity therefore the
cavity elements must be re-meshed [140].
The boundary condition, voltage is applied to lines in the 2D ease and to areas
in the 3D. In the case of the pressure sensor the voltage is applied to the bottom
surfaee of the sensor diaphragm. The lower surface of the oxide layer is set to zero as
the ground voltage. The information from the electrostatic section is then stored in a
physics file entitled ELECTROS. This process is demonstrated in appendix 4 pages
204 and 205.

5.5.2

Structural Component
The first step in the structural section of the sequential model is to change the

element types from electrostatic to structural element types and define all the required
material properties.
In the two-dimensional case the structural element type is PLANE82.
PLANE82 is a higher order version of the two-dimensional, four-node element
(PLANE42). It provides more accurate results for mixed (quadrilateral-triangular)
automatic meshes and can tolerate irregular shapes without as much loss of accuracy.
The 8-node elements have compatible displacement shapes and are well suited to
model curved boundaries [147].
The element has two degrees of freedom at each node; translations in the
nodal X and y directions. The element may be used as a plane element or as an axissymmetric element. The element has plasticity, creep, swelling, stress stiffening, large
deflection, and large strain capabilities. Once again the third key option
(KEYOPT(3)) must be set to 1 for an axis-symmetric model.
In the three-dimensional case the structural element type is SOLID95.
SOLID95 is a higher order version of the 3-D 8-node solid element SOLID45.
SOLID95 elements have compatible displacement shapes and are well suited to model
curved boundaries. The element has three degrees of freedom per node: translations in
the nodal x, y, and z directions. The element may have any spatial orientation.
SOLID95 has plasticity, creep, stress stiffening, large deflection, and large strain
capabilities [147].
It is in the structural section that any “physical” loads must be applied. In the
pressure sensor system there are two other important forces that affect the behaviour
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of the sensor. These are residual stress and obviously applied pressure; these are
discussed in more detail in section 2.3. In the two-dimensional model the applied
pressure is applied as a surface force to the lines that make up the surface of the
sensor diaphragm. In the three-dimensional models the pressure is applied as a surface
force to the areas that make up the upper surface of the sensor diaphragm.
In a purely structural analysis residual stresses can be applied using the initial
stress command macro ISTRESS. However this command must be used in the
solution section of a model and is incompatible with the ESSOLVE command macro
and as such cannot be used in a coupled field analysis. This problem was over come
by using a temperature induced residual stress. This in effect applies a thermal load to
the structure in the structural domain, this thermal load results in a residual stress in
the structure due to thermal expansion of a constrained component. ANSYS calculates
such a prestress using the formula= EaAT, where E is the Young’s modulus, a is
the CTE (Coefficient of Thermal Expansion) and u, Poisson ratio of the polysilcon
diaphragm. AT is the temperature change required to create the residual stress C5x. This
works so long as the plane strain key-option is specified in which case the expression
used is

ox =

]-v

Therefore, in order to achieve a residual stress of cr^, with

plane strain conditions specified, a temperature load, AT =

Ea

must be applied

to the structure, in this case the polysilicon diaphragm.
Finally the boundary conditions are defined as described in section 3.2. In the
three dimensional case these are applied to the areas in the solid model and to lines in
the two-dimensional case. All the data from the structural section is then stored in a
physics file entitled STRUCTURE. The next step is to define the calculation as a non
linear one using the NLGEOM,ON [148] command, allowing automatic time stepping
using the AUTOTS,ON [148] command and setting the number of sub-steps to be
taken in each load step.
Finally the ESSOLVE [148] command macro is used to invoke an ANSYS
macro, which automatically performs a coupled electrostatic-structural analysis. The
macro displays periodic updates of the convergence. If non-structural regions are re
meshed during the analysis, boundary conditions and loads applied to nodes and
elements will be lost. For example in the case of the capacitive pressure sensor the
evacuated cavity is a non-structural region, it is there purely to facilitate the
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electrostatic analysis. As the structural component (i.e. the sensor diaphragm)
displaces into the sensor cavity the cavity elements must be remeshed, just as the
structural component is remeshed with each iteration. If boundary conditions or loads
are applied to the nodes that are to be remeshed these boundary conditions will be
lost. For example if the voltage boundary condition is applied to the nodes in the
system, these nodes are part of the non-structural region, when remeshing occurs the
voltage boundary condition is lost and the analysis fails. This is why boundary
conditions and loads are applied to the solid model.
The process is an iterative one. The two fields are coupled by applying the
resulting forces from an electrostatic analysis as loads to the mechanical analysis. The
displacements obtained from the mechanical analysis are then transferred to a new
electrostatic model (deformed structure), resulting in increased electrostatic forces.
I'his procedure is continued until the structure reaches equilibrium or collapse takes
place, i.e. that the model converges [1]. This process is demonstrated in appendix 4
pages 205 to 207.

5.5.3

Capacitance Extraction
If it is required, the capacitance of the structure can be extracted using a third

analysis section. This method assumes that after the re-meshing procedure that takes
place as the ESSOLVE [148] macro calculates the system displacement moves the
elements to their final point of deflection due to the applied loads. Therefore,
reapplying the electrostatic elements, material properties and boundary conditions the
capacitance of the circuit can be calculated.
The exterior nodes of each conductor in the system are grouped into individual
components using the CM [148] command. Each set of independent components is
assigned a component name with a common prefix followed by the conductor
number. A conductor system with a ground must also include the ground nodes as a
component. The ground component is numbered last in the component name
sequence. These conductors are the same entities that voltages are applied to in the
first electrostatic section. The calculation utilises the CMATRIX [148] command
macro, which performs electrostatic field solutions and calculates the self and mutual
capacitances between multiple conductors [148].
The capacitance of the structure is entered into a cmatrix file and to an
ANSYS window. It should be also noted that if a three-dimensional quarter model is
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utilised the cmatrix output must be multiplied by four to get the correct system
capacitance. This is because the quarter model only calculates the capacitance for
quarter of a pressure sensor and must be multiplied by four in order to account for the
other three sections [148]. The flowchart of the model procedure is detailed in figure
5.5. This process is demonstrated in appendix 4 pages 207 and 208.

Figure 5.5: A flowchart of the coupled-field analysis.

5.5.4

Contact Modelling
The principle behind contact modelling has been defined previously in section

4.7. Contact problems are highly non-linear and require significant computer
resources to solve. Contact problems present two significant difficulties. Contact
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problems fall into two general classes: rigid-to-flexible and flexible-to-flexible. In
rigid-to-flexible contact problems, one or more of the contacting surfaces are treated
as rigid (i.e., it has a much higher stiffness relative to the deformable body it
contacts). In general, any time a soft material comes in contact with a hard material,
the problem may be assumed to be rigid-to-flexible. The other class, flexible-toflexible, is the more common type. In this case, both (or all) contacting bodies are
deformable (i.e., have similar stiffness).
In the pressure sensor system the silicon nitride surface at the bottom of the
cavity is considered as being rigid and the sensor diaphragm as flexible. ANSYS
supports three contact models: node-to-node, node-to-surface, and surface-to-surface.
Each type of model uses a different set of ANSYS contact elements and is appropriate
for specific types of problems. The pressure sensor system is considered as a surfaceto-surface contact problem. The finite element model recognizes possible contact
pairs by the presence of specific contact elements. These contact elements are
overlaid on the parts of the model that are being analysed for interaction.
In problems involving contact between two boundaries, one of the boundaries
is conventionally established as the "target" surface, and the other as the "contact"
surface. For rigid-flexible contact, the target surface is always the rigid surface, and
the contact surface is the deformable surface. These two surfaces together comprise
the "contact pair." TARGE169 and CONTA172 in the two-dimensional contact pair
case and in the three-dimensional case the contact pair uses TARGE 170 with
CONTA174 [147]. Once again the element types are applied to the solid model
components, lines in the two-dimensional case and areas in the three-dimensional
case. The target elements need to be applied to an area or line created specifically for
that purpose slightly above the silicon nitride layer. The eontact elements are applied
to existing components of the model structure. In this case the bottom of the sensor
diaphragm (lines or areas).
In models that employ the ESSOLVE command macro if the contacting
component has a high element density contact will not occur. This is due to problems
with re-meshing the element pattern during combined contact and electrostatic
actuation. There is also a collapse in the capacitance output during contact. This
process is demonstrated in appendix 4 pages 204 to 206.
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5.5.5

Shell Models
In chapter three models were created using shell elements in order to

demonstrate the capability of ANSYS to model simply supported structures. Shell
elements are required as they have rotation as a degree of freedom as is eneountered
in simply supported structures. SHELL63 [147] has both bending and membrane
capabilities. Both in-plane and normal loads are permitted. The element has six
degrees of freedom at each node: translations in the nodal x, y, and z directions and
rotations about the nodal x, y, and z-axes. Stress stiffening and large deflection
capabilities are included. The effects of residual stress can be included using the same
method deseribed in section 5.5.2. The boundary eonditions applied specify that
rotations are allowed but no movement in the nodal x, y, and z-axes. Loads can be
applied as a surface force to an area or as a point load force to an individual node or
group of nodes. This process is demonstrated in appendix 4 pages 218 to 220.

5.6

Conclusions
This section has defined the methods employed to create finite element models

of MEMS structures. The need for numerical analysis of MEMS structures was
detailed. The finite element package ANSYS was introduced and some of its
modelling procedures discussed. The concept of coupled field modelling and the
procedure followed by ANSYS in solving such a problem was described. The
proeedure behind developing a solid model of a structure was detailed and the
benefits and requirements of axis-symmetric modelling. The modelling methodology
required for a coupled field analysis is explained and each section in the model
discussed. The various eommand macros employed, the boundary conditions involved
in these problems, how residual stress can be included and how shell elements can be
utilised in modelling such systems was also discussed.
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Chapter 6: Optical Profiling and Validation of Models
6.1

Introduction
There are obvious problems in measuring the behaviour of MEMS structures

due to the scale at which these devices exist. To measure such a rudimentary thing as
a displacement is extremely difficult. It is essential to have reliable data relating to
displacement in order to predict the behaviour of MEMS devices. In recent years a
variety of different methods have been developed to perform precision measurements
at this level, some of these methods are described in this section.
Scanning White Light Interferometry is used to validate the behaviour of the
pressure sensor investigated in this work. The experimental setup required for these
measurements is detailed and the output results are compared to a FEA simulation of
the system. The basis of the experimental method is that a voltage applied to the
pressure sensor results in a displacement of the sensor diaphragm due to electrostatic
forces. This displacement and the applied voltage are then plotted and compared to
the FEA analysis. The results are discussed and also sources of error in the
experimental system.

6.2

Scanning White Light Interferometry (SWLI)
This is a non-contact measurement mode and is well suited to the

measurement of MEMS devices. Displacement measurements can be conducted while
the device is electrostatically actuated. In the case of the capacitive pressure sensor
when a voltage is applied between the sensor diaphragm and the substrate the
diaphragm deflects towards the substrate. It is also used to establish the validity of the
models used in characterising the mechanical characteristics of fabricated structures,
fhis method can be used to substantiate the mechanical element of the 2D and 3D
coupled electromechanical model of the devices encountered in this work [78].
Scanning white light interferometry is an optical profiling technique in which
a pattern of bright and dark lines (know as fringes) result from an optical path
difference between a reference and a sample beam [134]. White light interference
fringes can be seen in figure 6.1.
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Figure 6.1: White Light Interference Fringes.

Incoming light is split inside the interferometer, one beam going to an internal
reference surface and the other to the MEMS sample. After reflection, the beams
recombine inside the interferometer, undergoing constructive and destructive
interference and producing light and dark fringe patterns [134]. The interferometer
set-up can be seen in figure 6.2.

Figure 6.2: Schematic of the scanning white light interferometer [128].

Currently most interferometry is performed using a laser as the light source.
The primary reason for this is that the long coherence length of laser light makes it
easy to obtain interference fringes and interferometer path lengths no longer have to
be matched as they do if a short coherence length white light source is used. The ease
with which interference fringes are obtained when a white light source is used is both
good and bad. It is good that it is easy to find laser light interference fringes, but it can
be bad in that it can be too easy to obtain interference fringes and any stray reflections
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will give spurious interference fringes. Spurious interference fringes can result in
incorrect measurements [79].
In SWLI, a precision vertical scanning transducer scans the pressure sensor in
a direction approximately perpendicular to the interferometer illuminated surface
while a digital camera stores intensity data for each pixel in the field of view. The
data acquired in this way consists of an array of interferograms, one for each pixel,
representing the variation in intensity as a function of scan position. If the
interferometer has a single frequency source (as applied in Phase-Shifting
Interferometry (PSI)) then the normalised intensity varies as
/ = ^(l -i-cos^)

(6.1)

where (p, is the interferometric phase. The phase is related to the optical path
difference L, between the reference and object beams, the source wavelength L and a
constant phase offset

(po,

characteristic of the interferometer and the reflecting

materials. Introducing the quantity k-2n! X known as the wave-number or spatial
frequency, the interferometric phase can be written as
(p=Lk +

(6.2)

In fixed frequency PSI the phase and wavelength are known and the slope L of this
line can be determined within a phase limit of ±7i. In SWLI the broad band spectrum
of the white light source interferogram is processed by fast Fourier transform to
extract the phase data for many individual spatial frequencies. This frequency domain
analysis (FDA) is a significant improvement over Psi measurements as it increases the
number of spatial frequencies from which the optical path difference may be
extracted. The measurement is therefore unambiguous outside the ±ti limits of PSI
measurements [135,136]. The graphical output from the instrument is illustrated as in
figures 6.3 and 6.4.
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Figure 6.3: Oblique plot of the interferometer output for a sample capacitive pressure
sensor fabricated for test purposes.

The first plot, figure 6.3, is an oblique plot of the pressure sensor structure.
The polysilicon diaphragm can be seen and the surrounding silicon substrate. It is
possible to see that the diaphragm is displaced downwards. This is due to the vacuum
in the sensor cavity and atmospheric pressure, which is pushing the diaphragm into
the sensor cavity. In the top left comer it is possible to see the metal tracks, which
provide electrical communication to and from the pressure sensor. The scale on the
bottom and right hand side give the scale of the pressure sensor.
1+2.56942

437159

Figure 6.4: Plan-view plot of the pressure sensor.

Figure 6.4 details the plan views of the sensor structure provided by the SWLI
apparatus. The right hand image is the output from the digital camera in the system.
This aids in alignment of the interferometer and the target sample. It also allows the
user to adjust the light intensity and ensure that there is a suitable pattern of dark and
light fringes on the object; this improves the quality of the output signal.
The left hand image in figure 6.4 is input from the interferometer after a scan
has been taken across the surface. This image not only allows the user to understand
the topography of the sample using the height scale on the right, it also allows the user
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to select a particular cross-section of the device to examine and get a more detailed
profile. Moving a target line to the cross-section the user wishes to examine does this.
In the image in 6.4 this can be seen as a line travelling from left to right across the
middle of the pressure sensor diaphragm. This provides a graphical profile of the
section. This can be seen in figure 6.5.

Figure 6.5: Graphical output from interferometer profile of capacitive pressure sensor
diaphragm.

The software incorporated into the interferometer allows the user to pick two
reference points and these are used by the software eliminated any error due to
angular misalignment of the sample due to the fixture (method of holding the sample
in place). In the case of the pressure sensor it was assumed that the surrounding
silicon substrate was flat, therefore selecting two points on this would provide a
repeatable reference line from which measurements could be taken. The initial
position of the sensor diaphragm at zero volts was taken to be zero, any deflection due
to an applied voltage applied after that was taken from that zero point on the reference
line.
The instrument in use here is a New View 5022 scanning white light
interferometer from Zygo Corporation [137]. The tool has a vertical resolution of 0.1
nm. Fitted with a 50X objective lens, a lateral resolution of 0.64 pm and a system
magnification of lOOOX are obtained. When fitted with a lOX lens the same quantities
are 1.18 pm and 300X respectively A vertical measurement capability of 5 mm may
be obtained. The instrument can be seen in figure 6.6.
143

Figure 6.6: New View 5022 scanning white light interferometer from Zygo
Corporation [137].

6.3

Alternative Methods of Measuring MEMS Device Behaviour
In the field of MEMS design and fabrication quantities analysis of device

behaviour is of great importance. Knowledge of geometric and mechanical parameters
of a device is essential for effective design. This can range from data pertaining to the
dimensions of a device or in the case of sensors and actuators displacements due to an
applied load or actuating force. For example, the operational voltages of cantilever
microrelay switches depend on both the cube of the beam thickness, t, and inter
electrode gap, g, while the fundamental resonant frequency of a cantilever beam is
linearly proportional to t. The force between the plates of a parallel-plate variable
capacitor varies as l/g^, while for an interdigited comb capacitor; the force is
independent of g In the MEMS design industry a variety of methods currently exist
for quantifying the operational characteristics and the influence of geometrical
properties on the behaviour of a device [138]. A number of methods of carrying out
these measurements exist three of these are discussed here: -
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Scanning Electron Microscopy (SEM) is one of the most common measurment
tools. However, SEM samples are usually sputtered with a thin (~10 nm) layer
of gold to aid charge dissipation, rendering the device useless for further
electrical tests. Because of the stress mismatch between the gold layer and the
device under test, this may result in bending or distortion of the device;
especially free structures such as cantilever beams thereby making it difficult
to get an exact measurement of device behaviour [129].

Atomic Force Microscopy (AFM) has been suggested as a MEMS
measurement tool [142,143]. As with SEM, analysis may be slow (~20
mins/device), and the limited range of travel of an AFM, means that it is
unable to investigate large samples or out-of-plane i.e. cantilever beams with a
high residual stress that curve upwards out of plane. It has also been found that
the probe tip may exert a force that results in beam bending and misleading
results. Furthermore it is difficult to examine packaged devices using AFM.

Raman Spectroscopy is a profiling method with a great deal of potential. It can
be utilised in the field of MEMS design to identify materials, study their
crystallinity, uniformity and composition, and measurement of local
temperature and stress. For the latter it is well suited as it is a non-destructive
non contact method and has good spatial resolution (better than 1 pm) and it
allows two-dimensional imaging of the stress distribution in some materials
[31 and 147]. Raman spectroscopy is an optical technique that probes the
interaction between monochromatic light (photons) and material vibrations
(phonons in solids of molecular gases or fluids). It is utilised to investigate
semiconductors and semiconductor interfaces in bulk, film and device form.
Raman spectroscopy probes lattice vibrations, which are sensitive to
internal and external perturbations. For this reason, it can be used to study the
composition, phase, crystallinity, crystal orientations, and in some cases
doping, of materials. An important aspect of Raman spectroscopy for
microelectronic devices is its ability to determine local temperature and strain
in the lattice. Also of importance is the sensitivity of Raman spectroscopy for
the chemical reaction between metals and semiconductors. Micro-Raman
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spectroscopy, where the laser light is focused through a microscope, allows
investigation with pm spatial resolution. This is especially useful for MEMS
devices with small dimensions [31].

6.4

BeneHts of Interferometer Profiling
Optical

interferometry

has

many

advantages

over

these

methods.

Measurements are comparatively quick, in the region of (~2-10s) at the wafer level
without any sample preparation. Vertical resolution is 0.1 nm, and vertical travel
capabilities (up to 5mm) can cater for all MEMS devices. The measurements are all
non-contact and non-destructive. Also by fitting the instrument with a long working
distance (LWD) objective lens, devices may be electrically probed while under
inspection. These factors coupled with its ease of use make SWLI an excellent MEMS
profiling tool [134]. The following section will be utilised to measure the behaviour of
sample capacitive pressure sensors.

6.5

Sensor Failures
This section describes some of the capacitive pressure sensor failure modes

encountered during the interferometric measurements. These failures are due to
extremely high residual stresses and also due to the effects of the wafer sawing (i.e.
dicing a larger silicon wafer into individual IC’s or human error (i.e. rough handling.
They are presented in the following figures.

Figure 6.7: An undamaged sensor.
Figure 6.7, provides a useful reference image, this is what a correctly
fabricated sensor should look like. The polysilicon diaphragm has no obvious cracks
or flaws. The electrical contacts appear complete and there is no obvious sign of
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damage. It should be noted that there are also bond wires, which provide electrical
communication between the sensor and the outside world. If these are broken the
sensor cannot be used as a packaged device. It is however still possible to connect
probes directly to the sensor to facilitate electrical communication. The sensor in
figure 6.8, have failed due to an excessive residual stress.

Figure 6.8: Sensor diaphragm failures due to excessive residual tensile stress.

As can be seen in figure 6.8 the sensor diaphragm has cracked due to the
effects of the large residual stress. The cracks originate from where the electrical
connection meets the sensor diaphragm. This point represents a stress concentration
point and it is here that cracks initiate. These sensors are now useless.

Figure 6.9: Sensor has failed due to part of the sensor diaphragm breaking off from
the substrate.

It can be seen in figure 6.9, that almost half of the polysilicon sensor
diaphragm has cracked and come away completely from the substrate. This is
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believed to be because of mechanical vibrations created during the wafer sawing
process or due to shock loading i.e. being dropped.

Figure 6.10: Imperfections in the sensor diaphragm.
Figure 6.10: Details failure of the sensor diaphragm due to imperfections in
the polysilicon deposition process. Such imperfections may also be due the cavity
etching process being imperfect. It is impossible to say exactly without further
analysis of the sensor. This section has described some of the failure modes
encountered in the fabrication of polysilicon capacitive pressure sensors.

6.6

Experimental setup
A batch of sample capacitive pressure sensors were fabricated by the NMRC

(National MicroElectronics Research Centre) for Analog devices Limerick and their
behaviour was investigated using SWLI. The nature of the experiment is simple. As
demonstrated in Chapter four if a voltage is applied between two plates separated by a
dielectric gap a force is generated. The capacitive pressure sensor is made up of
exactly these components, the substrate can act as a ground plane, the sensor cavity
and the nitride and oxide layers act as the dielectric and the polysilicon diaphragm is
the charged plate. Therefore if a voltage is applied to the pressure senor an electro
static force is generated and the sensor diaphragm displaces downwards towards the
substrate below. This behaviour can be modelled using FEA and measured using
SWLI. This is the foundation of the experimental method.
The fabricated test samples were packaged in ceramic open topped Dual-InLine (DIL) packages to provide stability and facilitate electrical connection. An
example of such a package is detailed in figure 6.11.
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Figure 6.11: Ceramic Dual-in-Line (DIL) package.

A HP4284 LCR metre used to provide an actuating voltage, which results in
the sensor diaphragm displacing downwards into the sensor cavity. The power supply
allows exact measurement of the applied voltage and allows it to be increased in
increments of one volt. The ceramic package was securely fixed on probe station,
which allows angular miss-alignment to be corrected. This is facilitated by a
horizontal and vertical screw assembly, which allows alignment in the X, Y and Z
directions.
The interferometer is mounted above the probe station allowing the white
beam to scan the surface. The fringes are aligned using the horizontal and vertical
screws; the light intensity is set using the software package that accompanies the
interferometer. After a suitable set of fringes has been aligned on the sensor surface
and the light intensity set correctly measurements were taken for a voltage range of 0
to 14 volts. This range of voltages was chosen because higher voltages resulted in
touch-down of the sensor diaphragm. When this occurred arcing between the substrate
and the diaphragm was seen followed by complete failure of the sensor
Ten sample devices were tested, six of these proved to be flawed due to
manufacturing complications. These failures range from sensors with the diaphragm
missing due to an extremely high residual stress, in other cases the sensor cavity was
not hollow but was solid oxide, on some devices the electrical connections had failed
etc. The remaining outputted results of displacement versus voltage are graphed in
figure 6.12 including a line of best fit:
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Figure 6.12: Experimental results with line of best fit for displacement versus voltage.

The plotted graphs for voltage versus displacement fall in the same region and
follow a similar pattern. The pattern is similar to that expected from a device
undergoing electrostatic actuation as can be seen through comparison with graphs
section 4.6. Differences between the different samples are due to errors in the
fabrication process i.e. the manufacturer is aware that the residual stress across the
silicon wafer was not homogenous. As a result of this some sensor diaphragms have a
slightly higher residual stress than others resulting in variations in behaviour. There is
also some variability in the size of the sensor cavity due to not having all the
polysilicate glass removed correctly during the manufacturing process. Some sensors
also were found to have a compressive stress i.e. the sensor diaphragm buckled
upwards, sensors with a compressive stress were not tested.

6.7

FEA Validation Models
A two-dimensional axis-symmetric model of the pressure sensors tested above

was created. It includes the effects of residual stress, electrostatic attraction; touch
down (where the sensor diaphragm encounters the bottom electrode) and applied load.
Due to the symmetrical nature of the pressure sensor the axis-symmetric assumption
is suitable. A three-dimensional model of such a system would be computationally
intensive and would not provide a vastly better answer as demonstrated in chapter 3
and 4. The effect of atmospheric pressure on the sensor was simulated by applying a
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pressure of 0.1 MPa to the surface of the sensor diaphragm. A range of different
residual stresses were used from 0 MPa to 10 MPa which are the expected range of
values from the fabrication process. These values were established by measurements
on blanket films taken at each step in the manufacturing process at Analog devices.
Each line represents a different polysilicon deposition temperature. The output from
these measurements is detailed in figure 6.13.

• 660 deposition Irmpcraturc
■ S70 deposition teinperatuiT
-f-SQO deposition teinperatur«
deposition trinperanirr

Figure 6.13: Residual stress in polysilicon diaphragm at each step in the
manufacturing process [29].

In figure 6.13, it can be seen that at the initial deposition there is a large tensile
residual stress, as previously mention it is desirable that the pressure sensor
diaphragm has a tensile stress to ensure that it does not buckle into the sensor cavity.
As each other step in the manufacturing takes place at differing temperatures the
residual stress in the polysilicon diaphragm falls. As a result of this, if a deposition
temperature of 590 °C is used the final residual stress will be compressive. The
capacitive pressure sensors tested in this work used a deposition temperature of 580
°C and hence resulted in the production of a residual tensile stress in the polysilicon
diaphragm of about 0-20 MPa. The 2D axis-symmetric finite element model of the
capacitive pressure sensor system is displayed in figure 6.14.

151

AN

ELEMENTS

MAR

TYPE NUM

6 2003
13:48:09

Figure 6.14: Two-dimensional axis-symmetric ANSYS model.

The voltage versus displacement results from the model of the system are
compared to the line of best fit found from the experimental results (figure 6.8) and
are detailed in figure 6.15.

Figure 6.15: FEA model output with experimental results.
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The graph details the displacement of the sensor diaphragm due to an applied
voltage. It can be seen that the TEA model with 5 MPa residual stress provides the
best match to the experimental results. This provides a good match with the
experimental data. As mentioned previously the residual stress due to fabrication is
between 0 to 10 MPa. At higher voltages (>10V) the measurements proved to be
unreliable, however at lower voltages (1-10 volts) there is a good match between the
measured and simulated results. Where there is a halt in displacement the diaphragm
has encountered the bottom of the cavity, i.e. touch down. This can be seen as
horizontal lines at the end of each of the ANSYS curves where for increasing voltage
the displacement remains constant.
The errors between the modelled and experimental results are attributed to a
variety of sources. These range from imperfections due to fabrication to errors in the
properties of the polysilicon. However, It is the opinion of the author that the major
origin of the error between experimental and simulated results is due to the existence
of a vertical stress gradient through the thickness of the polysilicon diaphragm. It has
been shown in other works [100,153] that the stress gradient created during the
LPCVD of polysilicon membranes of any thickness exhibit significant degrees of
stress through the thickness of the membrane. These are known to be in the region of
4 to 5 MPa/pm [158] even with the inclusion of annealing processes to remove these
stresses [159].
This vertical stress gradient results in a stiffening of the sensor diaphragm. As
a result of this the electrostatic force required to displace the sensor diaphragm and
therefore to reach the pull-in voltage is much greater than that calculated by the TEA
model which does not include a vertical stress gradient. According to Yee et aTs
[153] analytical solution of the effect of a vertical stress gradient on a polysilicon
cantilever, upward or downward bending of an unloaded cantilever beam stems from
residual stress non-uniformity along a vertical direction. In Yee et aTs work it is
demonstrated that the effect of even a small vertical stress gradient can result in a
significant initial displacement of the cantilever endpoint.
For example, a vertical stress gradient of 4 MPa/pm through the thickness of a
cantilever beam of a hundred microns in length can be in the region of 0.0303 micron.
Recalling that from the results detailed in figure 6.15, that the maximum deflection of
the tested devices was 0.13 microns it is clear that a residual stress gradient can have a
significant effect on the behaviour of MEMS structure. It would be of interest, in the
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future, to develop a analytical solution for the effect of residual stress gradients on the
behaviour of circular diaphragms. This topic is further developed in appendix 6.
The behaviour is similar to that graphed in chapter four for the behaviour of a
pressure due to an actuating voltage. This supports the use of Scanning White Light
Interferometry in MEMS profiling, allowing measurements to be taken in a noncontact mode while a device is electrostatically actuated. It also demonstrates that a
2D axis-symmetric model can adequately model the behaviour of such a system.
These are some of the major conclusions in this work.

6.8

Conclusions
Device characterisation and modelling is essential for the efficient design of

MEMS devices. This chapter describes how optical profiling of MEMS devices can
make a significant contribution to TEA model validation. The optical profiling
method Scanning White Light Interferometry (SWLI) is introduced and discussed,
fhree alternative methods of MEMS profiling are also introduced and discussed. The
behaviour of fabricated capacitive pressure sensors was investigated experimentally
using the SWLI apparatus. The deflection of the sensor diaphragm under an applied
voltage is observed. The experimental set up and the measurement technique are
described and the results are plotted and discussed.
The electro-mechanical behaviour of the sample capacitive pressure sensors
is characterised using a 2D axis-symmetric FEA model. The FEA models provided a
good match to the test samples. The comparison was most successful at low voltages.
Errors are thought to be as a result of imperfections due to fabrication, errors in the
properties of the polysilicon and the existence of a vertical stress gradient through the
thickness of the silicon diaphragm.
It is clear from this work that the SWLI optical profiling technique can be
employed to investigate the behaviour of MEMS devices. Also, complex systems,
involving coupled electro-structureal behaviour can be modelled using FEA,
specifically the FEA package ANSYS.
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Chapter 6: Optical Profiling and Validation of Models
6.1

Introduction
There are obvious problems in measuring the behaviour of MEMS structures

due to the scale at which these devices exist. To measure such a rudimentary thing as
a displacement is extremely difficult. It is essential to have reliable data relating to
displacement in order to predict the behaviour of MEMS devices. In recent years a
variety of different methods have been developed to perform precision measurements
at this level, some of these methods are described in this section.
Scanning White Light Interferometry is used to validate the behaviour of the
pressure sensor investigated in this work. The experimental setup required for these
measurements is detailed and the output results are compared to a FEA simulation of
the system. The basis of the experimental method is that a voltage applied to the
pressure sensor results in a displacement of the sensor diaphragm due to electrostatic
forces. This displacement and the applied voltage are then plotted and compared to
the FEA analysis. The results are discussed and also sources of error in the
experimental system.

6.2

Scanning White Light Interferometry (SWLI)
This is a non-contact measurement mode and is well suited to the

measurement of MEMS devices. Displacement measurements can be conducted while
the device is electrostatically actuated. In the case of the capacitive pressure sensor
when a voltage is applied between the sensor diaphragm and the substrate the
diaphragm deflects towards the substrate. It is also used to establish the validity of the
models used in characterising the mechanical characteristics of fabricated structures.
This method can be used to substantiate the mechanical element of the 2D and 3D
coupled electromechanical model of the devices encountered in this work [78].
Scanning white light interferometry is an optical profiling technique in which
a pattern of bright and dark lines (know as fringes) result from an optical path
difference between a reference and a sample beam [134]. White light interference
fringes can be seen in figure 6.1.

139

Figure 6.1: White Light Interference Fringes.

Incoming light is split inside the interferometer, one beam going to an internal
reference surface and the other to the MEMS sample. After reflection, the beams
recombine inside the interferometer, undergoing constructive and destructive
interference and producing light and dark fringe patterns [134]. The interferometer
set-up can be seen in figure 6.2.

Figure 6.2: Schematic of the scanning white light interferometer [128].

Currently most interferometry is performed using a laser as the light source.
The primary reason for this is that the long coherence length of laser light makes it
easy to obtain interference fringes and interferometer path lengths no longer have to
be matched as they do if a short coherence length white light source is used. The ease
with which interference fringes are obtained when a white light source is used is both
good and bad. It is good that it is easy to find laser light interference fringes, but it can
be bad in that it can be too easy to obtain interference fringes and any stray reflections
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will give spurious interference fringes. Spurious interference fringes can result in
incorrect measurements [79].
In SWLI, a precision vertical scanning transducer scans the pressure sensor in
a direction approximately perpendicular to the interferometer illuminated surface
while a digital camera stores intensity data for each pixel in the field of view. The
data acquired in this way consists of an array of interferograms, one for each pixel,
representing the variation in intensity as a function of scan position. If the
interferometer has a single frequency source (as applied in Phase-Shifting
Interferometry (PSI)) then the normalised intensity varies as
1

=

^(l + cos^)

(6.1)

where (p, is the interferometric phase. The phase is related to the optical path
difference L, between the reference and object beams, the source wavelength X,, and a
constant phase offset

(po,

characteristic of the interferometer and the reflecting

materials. Introducing the quantity k = 2n! X known as the wave-number or spatial
frequency, the interferometric phase can be written as
(p = Lk

(p^

(6.2)

In fixed frequency PSI the phase and wavelength are known and the slope L of this
line can be determined within a phase limit of ±71. In SWLI the broad band spectrum
of the white light source interferogram is processed by fast Fourier transform to
extract the phase data for many individual spatial frequencies. This frequency domain
analysis (FDA) is a significant improvement over Psi measurements as it increases the
number of spatial frequencies from which the optical path difference may be
extracted. The measurement is therefore unambiguous outside the

±7U

limits of PSI

measurements [135,136]. The graphical output from the instrument is illustrated as in
figures 6.3 and 6.4.
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Figure 6.3: Oblique plot of the interferometer output for a sample capacitive pressure
sensor fabricated for test purposes.

The first plot, figure 6.3, is an oblique plot of the pressure sensor structure.
The polysilicon diaphragm can be seen and the surrounding silicon substrate. It is
possible to see that the diaphragm is displaced downwards. This is due to the vacuum
in the sensor cavity and atmospheric pressure, which is pushing the diaphragm into
the sensor cavity. In the top left comer it is possible to see the metal tracks, which
provide electrical communication to and from the pressure sensor. The scale on the
bottom and right hand side give the scale of the pressure sensor.
1+2.56942

-437159

Figure 6.4: Plan-view plot of the pressure sensor.

Figure 6.4 details the plan views of the sensor stmcture provided by the SWLI
apparatus. The right hand image is the output from the digital camera in the system.
This aids in alignment of the interferometer and the target sample. It also allows the
user to adjust the light intensity and ensure that there is a suitable pattern of dark and
light fringes on the object; this improves the quality of the output signal.
The left hand image in figure 6.4 is input from the interferometer after a scan
has been taken across the surface. This image not only allows the user to understand
the topography of the sample using the height scale on the right, it also allows the user
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to select a particular cross-section of the device to examine and get a more detailed
profile. Moving a target line to the cross-section the user wishes to examine does this.
In the image in 6.4 this can be seen as a line travelling from left to right across the
middle of the pressure sensor diaphragm. This provides a graphical profile of the
section. This can be seen in figure 6.5.

Figure 6.5; Graphical output from interferometer profile of capacitive pressure sensor
diaphragm.

The software incorporated into the interferometer allows the user to pick two
reference points and these are used by the software eliminated any error due to
angular misalignment of the sample due to the fixture (method of holding the sample
in place). In the case of the pressure sensor it was assumed that the surrounding
silicon substrate was flat, therefore selecting two points on this would provide a
repeatable reference line from which measurements could be taken. The initial
position of the sensor diaphragm at zero volts was taken to be zero, any deflection due
to an applied voltage applied after that was taken from that zero point on the reference
line.
The instrument in use here is a New View 5022 scanning white light
interferometer from Zygo Corporation [137]. The tool has a vertical resolution of 0.1
nm. Fitted with a 50X objective lens, a lateral resolution of 0.64 pm and a system
magnification of lOOOX are obtained. When fitted with a lOX lens the same quantities
are 1.18 pm and 300X respectively A vertical measurement capability of 5 mm may
be obtained. The instrument can be seen in figure 6.6.
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Figure 6.6: New View 5022 scanning white light interferometer from Zygo
Corporation [137].

6.3

Alternative Methods of Measuring MEMS Device Behaviour
In the field of MEMS design and fabrication quantities analysis of device

behaviour is of great importance. Knowledge of geometric and mechanical parameters
of a device is essential for effective design. This can range from data pertaining to the
dimensions of a device or in the case of sensors and actuators displacements due to an
applied load or actuating force. For example, the operational voltages of cantilever
micro relay switches depend on both the cube of the beam thickness, t, and inter
electrode gap, g, while the fundamental resonant frequency of a cantilever beam is
linearly proportional to /. The force between the plates of a parallel-plate variable
capacitor varies as Hg , while for an interdigited comb capacitor; the force is
independent of g In the MEMS design industry a variety of methods currently exist
for quantifying the operational characteristics and the influence of geometrical
properties on the behaviour of a device [138]. A number of methods of carrying out
these measurements exist three of these are discussed here: -
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Scanning Electron Microscopy (SEM) is one of the most common measurment
tools. However, SEM samples are usually sputtered with a thin (~10 nm) layer
of gold to aid charge dissipation, rendering the device useless for further
electrical tests. Because of the stress mismatch between the gold layer and the
device under test, this may result in bending or distortion of the device;
especially free structures such as cantilever beams thereby making it diffieult
to get an exaet measurement of device behaviour [129].

Atomie Force Microscopy (AFM) has been suggested as a MEMS
measurement tool [142,143]. As with SEM, analysis may be slow (—20
mins/device), and the limited range of travel of an AFM, means that it is
unable to investigate large samples or out-of-plane i.e. eantilever beams with a
high residual stress that curve upwards out of plane. It has also been found that
the probe tip may exert a force that results in beam bending and misleading
results. Furthermore it is difficult to examine packaged devices using AFM.

Raman Spectroscopy is a profiling method with a great deal of potential. It can
be utilised in the field of MEMS design to identify materials, study their
crystallinity, uniformity and composition, and measurement of local
temperature and stress. For the latter it is well suited as it is a non-destructive
non contact method and has good spatial resolution (better than 1 pm) and it
allows two-dimensional imaging of the stress distribution in some materials
[31 and 147]. Raman spectroscopy is an optical technique that probes the
interaction between monochromatic light (photons) and material vibrations
(phonons in solids of molecular gases or fluids). It is utilised to investigate
semieonductors and semiconductor interfaces in bulk, film and deviee form.
Raman spectroscopy probes lattice vibrations, whieh are sensitive to
internal and external perturbations. For this reason, it can be used to study the
composition, phase, erystallinity, crystal orientations, and in some cases
doping, of materials. An important aspeet of Raman spectroscopy for
microelectronic devices is its ability to determine local temperature and strain
in the lattiee. Also of importance is the sensitivity of Raman spectroscopy for
the chemical reaction between metals and semiconductors. Micro-Raman
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spectroscopy, where the laser light is focused through a microscope, allows
investigation with pm spatial resolution. This is especially useful for MEMS
devices with small dimensions [31].

6.4

Benefits of Interferometer Profiling
Optical

interferometry

has

many

advantages

over

these

methods.

Measurements are comparatively quick, in the region of (~2-10s) at the wafer level
without any sample preparation. Vertical resolution is 0.1 nm, and vertical travel
capabilities (up to 5mm) can cater for all MEMS devices. The measurements are all
non-contact and non-destructive. Also by fitting the instrument with a long working
distance (LWD) objective lens, devices may be electrically probed while under
inspection. These factors coupled with its ease of use make SWLI an excellent MEMS
profiling tool [134]. The following section will be utilised to measure the behaviour of
sample capacitive pressure sensors.

6.5

Sensor Failures
fhis section describes some of the capacitive pressure sensor failure modes

encountered during the interferometric measurements. These failures are due to
extremely high residual stresses and also due to the effects of the wafer sawing (i.e.
dicing a larger silicon wafer into individual IC’s or human error (i.e. rough handling.
They are presented in the following figures.

Figure 6.7: An undamaged sensor.
Figure 6.7, provides a useful reference image, this is what a correctly
fabricated sensor should look like. The polysilicon diaphragm has no obvious cracks
or flaws. The electrical contacts appear complete and there is no obvious sign of
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damage. It should be noted that there are also bond wires, which provide electrical
communication between the sensor and the outside world. If these are broken the
sensor cannot be used as a packaged device. It is however still possible to connect
probes directly to the sensor to facilitate electrical communication. The sensor in
figure 6.8, have failed due to an excessive residual stress.

Figure 6.8: Sensor diaphragm failures due to excessive residual tensile stress.

As can be seen in figure 6.8 the sensor diaphragm has cracked due to the
effects of the large residual stress. The cracks originate from where the electrical
connection meets the sensor diaphragm. This point represents a stress concentration
point and it is here that cracks initiate. These sensors are now useless.
ffl

zygo

Intensity Map

Figure 6.9: Sensor has failed due to part of the sensor diaphragm breaking off from
the substrate.

It can be seen in figure 6.9, that almost half of the polysilicon sensor
diaphragm has cracked and come away completely from the substrate. This is
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believed to be because of mechanical vibrations created during the wafer sawing
process or due to shock loading i.e. being dropped.

Figure 6.10: Imperfections in the sensor diaphragm.
Figure 6.10: Details failure of the sensor diaphragm due to imperfections in
the polysilicon deposition process. Such imperfections may also be due the cavity
etching process being imperfect. It is impossible to say exactly without further
analysis of the sensor. This section has described some of the failure modes
encountered in the fabrication of polysilicon capacitive pressure sensors.

6.6

Experimental setup
A batch of sample capacitive pressure sensors were fabricated by the NMRC

(National MicroElectronics Research Centre) for Analog devices Limerick and their
behaviour was investigated using SWLI. The nature of the experiment is simple. As
demonstrated in Chapter four if a voltage is applied between two plates separated by a
dielectric gap a force is generated. The capacitive pressure sensor is made up of
exactly these components, the substrate can act as a ground plane, the sensor cavity
and the nitride and oxide layers act as the dielectric and the polysilicon diaphragm is
the charged plate. Therefore if a voltage is applied to the pressure senor an electro
static force is generated and the sensor diaphragm displaces downwards towards the
substrate below. This behaviour can be modelled using FEA and measured using
SWLI. This is the foundation of the experimental method.
The fabricated test samples were packaged in ceramic open topped Dual-InLine (DIL) packages to provide stability and facilitate electrical connection. An
example of such a package is detailed in figure 6.11.
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Figure 6.11: Ceramic Dual-in-Line (DIL) package.

A HP4284 LCR metre used to provide an actuating voltage, which results in
the sensor diaphragm displacing downwards into the sensor cavity. The power supply
allows exact measurement of the applied voltage and allows it to be increased in
increments of one volt. The ceramic package was securely fixed on probe station,
which allows angular miss-alignment to be corrected. This is facilitated by a
horizontal and vertical screw assembly, which allows alignment in the X, Y and Z
directions.
The interferometer is mounted above the probe station allowing the white
beam to scan the surface. The fringes are aligned using the horizontal and vertical
screws; the light intensity is set using the software package that accompanies the
interferometer. After a suitable set of fringes has been aligned on the sensor surface
and the light intensity set correctly measurements were taken for a voltage range of 0
to 14 volts. This range of voltages was chosen because higher voltages resulted in
touch-down of the sensor diaphragm. When this occurred arcing between the substrate
and the diaphragm was seen followed by complete failure of the sensor
Ten sample devices were tested, six of these proved to be flawed due to
manufacturing complications. These failures range from sensors with the diaphragm
missing due to an extremely high residual stress, in other cases the sensor cavity was
not hollow but was solid oxide, on some devices the electrical connections had failed
etc. The remaining outputted results of displacement versus voltage are graphed in
figure 6.12 including a line of best fit:
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Figure 6.12: Experimental results with line of best fit for displacement versus voltage.

rhe plotted graphs for voltage versus displacement fall in the same region and
follow a similar pattern. The pattern is similar to that expected from a device
undergoing electrostatic actuation as can be seen through comparison with graphs
section 4.6. Differences between the different samples are due to errors in the
fabrication process i.e. the manufacturer is aware that the residual stress across the
silicon wafer was not homogenous. As a result ot this some sensor diaphragms have a
slightly higher residual stress than others resulting in variations in behaviour. There is
also some variability in the size of the sensor cavity due to not having all the
polysilicate glass removed correctly during the manufacturing process. Some sensors
also were found to have a compressive stress i.e. the sensor diaphragm buckled
upwards, sensors with a compressive stress were not tested.

6.7

FEA Validation Models
A two-dimensional axis-symmetric model of the pressure sensors tested above

was created. It includes the effects of residual stress, electrostatic attraction; touch
down (where the sensor diaphragm encounters the bottom electrode) and applied load.
Due to the symmetrical nature of the pressure sensor the axis-symmetric assumption
is suitable. A three-dimensional model of such a system would be computationally
intensive and would not provide a vastly better answer as demonstrated in chapter 3
and 4. The effect of atmospheric pressure on the sensor was simulated by applying a
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pressure of 0.1 MPa to the surface of the sensor diaphragm. A range of different
residual stresses were used from 0 MPa to 10 MPa which are the expected range of
values from the fabrication process. These values were established by measurements
on blanket films taken at each step in the manufacturing process at Analog devices.
Each line represents a different polysilicon deposition temperature. The output from
these measurements is detailed in figure 6.13.

• 660 deposilton Irnaperaturc
■ S70 deposition leinperatuit;
-f-5QD deposition teinperatuhe
X^’50 deposition temperature

Figure 6.13: Residual stress in polysilicon diaphragm at each step in the
manufacturing process [29].

In figure 6.13, it can be seen that at the initial deposition there is a large tensile
residual stress, as previously mention it is desirable that the pressure sensor
diaphragm has a tensile stress to ensure that it does not buckle into the sensor cavity.
As each other step in the manufacturing takes place at differing temperatures the
residual stress in the polysilicon diaphragm falls. As a result of this, if a deposition
temperature of 590 °C is used the final residual stress will be compressive. The
capacitive pressure sensors tested in this work used a deposition temperature of 580
°C and hence resulted in the production of a residual tensile stress in the polysilicon
diaphragm of about 0-20 MPa. The 2D axis-symmetric finite element model of the
capacitive pressure sensor system is displayed in figure 6.14.
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Figure 6.14: Two-dimensional axis-symmetric ANSYS model.

The voltage versus displacement results from the model of the system are
compared to the line of best fit found from the experimental results (figure 6.8) and
are detailed in figure 6.15.
QAS-

------------------------------------------------------------------------------------------------------------------------------------------

-

--------------------------------------------------------

Figure 6.15: FEA model output with experimental results.
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The graph details the displacement of the sensor diaphragm due to an applied
voltage. It can be seen that the TEA model with 5 MPa residual stress provides the
best match to the experimental results. This provides a good match with the
experimental data. As mentioned previously the residual stress due to fabrication is
between 0 to 10 MPa. At higher voltages (>10V) the measurements proved to be
unreliable, however at lower voltages (1-10 volts) there is a good match between the
measured and simulated results. Where there is a halt in displacement the diaphragm
has encountered the bottom of the cavity, i.e. touch down. This can be seen as
horizontal lines at the end of each of the ANSYS curves where for increasing voltage
the displacement remains constant.
The errors between the modelled and experimental results are attributed to a
variety of sources. These range from imperfections due to fabrication to errors in the
properties of the polysilicon. However, It is the opinion of the author that the major
origin of the error between experimental and simulated results is due to the existence
of a vertical stress gradient through the thickness of the polysilicon diaphragm. It has
been shown in other works [100,153] that the stress gradient created during the
LPCVD of polysilicon membranes of any thickness exhibit significant degrees of
stress through the thickness of the membrane. These are known to be in the region of
4 to 5 MPa/pm [158] even with the inclusion of annealing processes to remove these
stresses [159].
This vertical stress gradient results in a stiffening of the sensor diaphragm. As
a result of this the electrostatic force required to displace the sensor diaphragm and
therefore to reach the pull-in voltage is much greater than that calculated by the FEA
model which does not include a vertical stress gradient. According to Yee et al’s
[153] analytical solution of the effect of a vertical stress gradient on a polysilicon
cantilever, upward or downward bending of an unloaded cantilever beam stems from
residual stress non-uniformity along a vertical direction. In Yee et al’s work it is
demonstrated that the effect of even a small vertical stress gradient can result in a
significant initial displacement of the cantilever endpoint.
For example, a vertical stress gradient of 4 MPa/pm through the thickness of a
cantilever beam of a hundred microns in length can be in the region of 0.0303 micron.
Recalling that from the results detailed in figure 6.15, that the maximum deflection of
the tested devices was 0.13 microns it is clear that a residual stress gradient can have a
significant effect on the behaviour of MEMS structure. It would be of interest, in the
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future, to develop a analytical solution for the effect of residual stress gradients on the
behaviour of circular diaphragms.
The behaviour is similar to that graphed in chapter four for the behaviour of a
pressure due to an actuating voltage. This supports the use of Scanning White Light
Interferometry in MEMS profiling, allowing measurements to be taken in a noncontact mode while a device is electrostatically actuated. It also demonstrates that a
2D axis-symmetric model can adequately model the behaviour of such a system.
These are some of the major conclusions in this work.

6.8

Conclusions
Device characterisation and modelling is essential for the efficient design of

MEMS devices. This chapter describes how optical profiling of MEMS devices can
make a significant contribution to FEA model validation. The optical profiling
method Scanning White Light Interferometry (SWLI) is introduced and discussed.
Three alternative methods of MEMS profiling are also introduced and discussed. The
behaviour of fabricated capacitive pressure sensors was investigated experimentally
using the SWLI apparatus. The deflection of the sensor diaphragm under an applied
voltage is observed. The experimental set up and the measurement technique are
described and the results are plotted and discussed.
The electro-mechanical behaviour of the sample capacitive pressure sensors
is characterised using a 2D axis-symmetric FEA model. The FEA models provided a
good match to the test samples. The comparison was most successful at low voltages.
Errors are thought to be as a result of imperfections due to fabrication, errors in the
properties of the polysilicon and the existence of a vertical stress gradient through the
thickness of the silicon diaphragm.
It is clear from this work that the SWLI optical profiling technique can be
employed to investigate the behaviour of MEMS devices. Also, complex systems,
involving coupled electro-structureal behaviour can be modelled using FEA,
specifically the FEA package ANSYS.
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Chapter 7: Conclusions and Future Work.
7.1

Introduction

This chapter summarises the work performed in this thesis. The main results and
conclusions of the thesis are presented and possible areas for future work are
suggested.

7.2

Thesis Summary
MEMS capacitive pressures sensors were introduced in this thesis. The

commercial applications of MEMS sensors and of MEMS sensors in general were
explored. The advantages of MEMS sensors over conventional sensors was discussed,
i.e. of miniaturization, lower power consumption, are highly sensitive, possesses low
mass, robust, increased functionality, fast response time and comparatively reliable.
The area of MEMS packaging was introduced and also the motivation behind this
work: to develop a reliable methodology for modelling the behaviour of plastic
encapsulated capacitive pressure sensors.
In order to model such a system a good knowledge of the different forces in
the system and the manufacturing steps involve is necessary. To that end these topics
are developed and discussed i.e. the manufacture of MEMS sensors in general and the
particular process steps involved in manufacturing capacitive pressure sensors. A
variety of different methods of packaging MEMS devices whether contact with the
external environment is required or not, are introduced and also methods of protecting
sensitive elements on the surface of an 1C from destruction during the plastic
encapsulation step. Methods of measuring residual stress, a critical parameter in
MEMS design and modelling are also introduced.
The finite element tool ANSYS was investigated as a suitable tool for the
analysis of MEMS structures. Many MEMS sensors are based on the classical
mechanical structures for which behavioural models of the structure dynamics are
well developed. To that end FEA models of classical structures such as cantilever
beams, simply supported beams, fixed-fixed beams, fully clamped and simply
supported plates were created and validated through comparison with classical
analytical formulae. The structures were modelled with applied point loads, uniformly
distributed loads, residual stress with both linear and non-linear boundary conditions
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in both 2D and 3D. Plate structures were modelled in 2D using axis-symmetric
elements. The errors between the 2D and 3D models were quantified. Complete
models of the capacitive pressure sensor system were developed and used to
determine the effect of altering various geometric parameters such as altering the
diaphragm thickness or diameter.
Due to the existence of an actuating voltage in the capacitive pressure sensor
system a coupled field analysis method is developed using the FEA software package
ANSYS in both 2D and 3D. This coupled the electrostatic components in the system
with the structural and establishes the effect of an applied voltage on the pressure
sensor diaphragm. These models are validated using analytical formulae. This method
is also used to model the behaviour of beam structures under electrostatic activation to
the pull-in voltage, a topic that is also discussed in detail. The models of beam
structures under electrostatic activation are also compared to other commercially
available numerical analysis packages SUGAR and Coventorware. The models
created in these alternative software packages were developed independently of this
work and are used as validation of the coupled field analysis method utilised by
ANSYS.
A method of extracting capacitance values for the pressure sensor, an
important parameter in MEMS devices, is developed and validated in both 2D and
3D. In the capacitive pressure sensor system, if the sensor diaphragm is exposed to a
very large load or voltage the sensor diaphragm can encounter the bottom of the
sensor cavity. This “touch-down” behaviour is also briefly introduced and a means of
modelling it is also developed. Complete models of the electro-structural behaviour of
the capacitive pressure sensor system under various loading condition in both 2D and
3D are also created and the outputs discussed.
The concept of optical profiling is introduced with specific attention to
Scanning White Light Interferometry (SWLI). Some alternative methods of surface
profiling are also introduced and discussed. An experimental method for measuring
the behaviour of capacitive pressure sensors is developed, i.e. measuring the
displacement behaviour of the sensor diaphragm under an applied voltage using the
non-contact SWLI optical profiling technique. Further details of the capacitive
pressure sensors relating to residual stress and failure criteria are also discussed.
In the final sections of this work the exact methodology employed in ANSYS
and any procedural follies to avoid are discussed. Models of the pressure sensor
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structure on a silicon IC substrate are created and the effects of plastic encapsulation
induced stressed are established and discussed. The appendix attached to this work
contains conference publications from the International Manufacturing Conference
2002 and 2003.

7.3

Results and Conclusions
The use of the finite element method and, in particular, the finite element

package ANSYS, was validated and the most efficient finite element models for the
analysis of classical mechanical structures was determined. The errors between these
models are the solution derived using linear analytical methods was found to be less
than one percent. These structures were modelled in both 2D and 3D and the errors
were found to be in the region of 1 percent. It was also established that for a fully
clamped circular plate, with an applied pressure load, the error between the ANSYS
output and the analytical solution was between 0.1 and 3 percent depending on the
magnitude of the load applied. It was also determined that for an analysis that
includes residual stress a non-linear calculation must be undertaken.
The critical geometric design parameters for capacitive pressure sensors were
investigated and it was determined that the diameter and thiekness of the sensor
diaphragm are critical whereas the anchor structure had a negligible effect. However
this case was only modelled with for the effects of an applied load without residual
stress. A method of modelling the effects of contact between the sensor diaphragm
and the bottom of the sensor cavity was developed and it was determined that when it
is used in conjunction with the coupled electrostatic macro ESSOLVE the point of
contact can be determined (i.e. the required pressure load or voltage load) the stress
plot outputs an erroneous answer.
It was determined that ANSYS can effectively model the electro-struetural
behaviour of the capacitive pressure sensor and other MEMS structures. The error
between ANSYS and other numerical simulation software packages was found to be
less than 3 percent. The effects of electrostatic fringing was investigated and found to
be negligible in the case of the capacitive pressure sensor as the air-gap/width ratio is
very small. A means of modelling the capacitance of MEMS devices was developed,
both analytieally and using FEA, and applied to the capaeitive pressure sensor. The
capacitance modelled in both eases determined that ANSYS is capable of modelling
the eapacitanee of such structures. The pull-in voltage for selected beam structures
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was investigated both analytically and through FEA modelling. The output from these
models was found to have an error of 20% when compared to the ideal case. The
effect of an applied voltage on the complete sensor structure was also modelled.
The

non-contact

optical

profiling

technique,

scanning

white

light

interferometry was utilised to investigate the behaviour of capacitive pressure sensors.
These sensors were manufactured at Analog Devices Limerick. An experimental
method to be used in conjunction with SWLI to measure the electro-structural
behaviour of capacitive pressure sensors was developed. These measurements were
used to validate finite element models of the capacitive pressure sensors. It was found
that with knowledge of the geometric parameters, material properties and system
forces capacitive pressure sensors can be effectively modelled using finite element
analysis.
The major conclusions of this work are detailed in point form as follows:
•

AN SYS can model the electro-structural behaviour of MEMS devices,
including the effects of combined forces such as voltage, applied voltage and
residual stress.

•

The capacitance of such systems can be accurately extracted. This capacitance
is in the femto (10’'^) Farad range, specifically between 400 and 550 femto
Farads.

•

Structures can be effectively modelled using 2D and 2D axis-symmetric
modelling techniques.

•

The pullin behaviour of electro-structural devices can also be effectively
modelled using ANSYS. This is useful as a means of characterising material
properties and manufacturing process variation.

•

The optical profiling technique Scanning White Light Interferometry is a
useful measurement techniques in the field of MEMS design.

7.4

Suggested areas of future work
Chapter six detailed an experimental method for analysis the behaviour of

capacitive pressure sensors under electrostatic actuation. During the course of this
analysis it was found that a number of the fabricated samples (in the region of 60 %)
had failed during manufacture. This was attributed to either (a): failures due to the
fabrication process i.e. large tensile residual stress, compressive residual stresses.
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failure in etching the sensor cavity or (b): failures due to the packaging process. An
analysis of the fabrication process could lead to a reduction in these failures and the
creation of a more reliable sensor. Better understanding and control of the fabrication
parameters could also lead to a better control over the tensile residual stress in the
sensor diaphragm, thereby increasing the sensing range of the device.
Another area that would be of interest to investigate would be that of the
behaviour of the sensors under structural and thermal shock loads. Some of the
applications of capacitive pressure sensors put them in very harsh environments such
as automobile engines and even oil wells. Such environments can also expose the
pressure sensor to heavy vibrations. A study of the behaviour and durability of the
pressure sensor diaphragm under such conditions could lead to the creation of a more
robust capacitive pressure sensor with an increased range of applications. It would
also enable the effects of such forces on the output from the sensor to be investigated.
The methodology for modelling MEMS capacitive pressures sensors in this
work could be used to optimise the design of capacitive pressure sensors and also to
create pressure sensors for unique applications and differing pressure ranges. It also
enables the MEMS designer to optimise the design of whatever packaging
methodology, which is to be employed allowing the minimisation of packaged
induced failures and signal drift. Perhaps a method of decoupling the capacitive
pressure sensor from the underlying silicon substrate would be of interest. Another
area that would be of interest to investigate would be that of environmental interaction
i.e. how to protect the pressure sensor diaphragm from the local environment while
also allowing it to sample the quantity of interest in that environment.
Also in chapter six while the interferometric measurements were being taken it
would have been of great benefit if capacitance versus displacements measurements
as well as voltage versus displacements could have been taken. This was not possible
as the output signal from the capacitive pressure sensor is very small (in the region of
a hundred Femto farads) and is very vulnerable to parasitic interference from other
circuitry on the IC or in the local environment. Normally this is overcome through the
incorporation of filter circuitry onto the silicon IC’s surface allowing the signals from
the sensor to be greatly improved. However the sample sensors did not have this
circuitry and such a measurement was not possible. This would provide an interesting
additional validation for the FEA models of the capacitive behaviour of pressure
sensors. Another interesting experiment that could be under-taken is to place the
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packaged sensor IC in a vacuum chamber with a glass window. This would enable
displacement measurements to be taken while the atmospheric pressure is varied.
Such an apparatus is available in the National Microelectronics Research Centre in
Cork.
On another topic it has been noted in this work and other (156) that the effect
of anchor geometry is appreciable when coupled with applied residual stress. This is
attributed to the degree of compliance in the anchor structure when residual stress is
included (157). This phenomenon was not explored in this work as it was considered
extraneous to the focus of this research. It would be of value to conduct further
analysis into this area and define the effect of anchor geometry coupled with residual
stress on the behaviour of capacitive pressure sensors.
This work developed a reliable method of modelling the electro-structural
behaviour of MEMS devices. It could therefore be applied to other MEMS devices for
example a polysilicon diaphragm under electrostatic actuation could be applied in a
miniature pump, with the application of the necessary valve structures. Such devices
have been fabricated in the past using a thermal actuator [41]. The use of electro-static
actuation could enable further miniaturisation of such a device.
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Appendix 1: ANSYS output for models of classical structures.
Appendix 1 lists the FEA and analytical results for the models of classical
structures developed in chapter 3. This data relates to the behaviour of cantilevers,
fixed-fixed beams, simply supported beams, fully clamped plates and simply
supported plates. These structures are modelled in both 2D and 3D and the behaviour
plotted for applied point loads. Uniformly Distributed Loads (UDL, pressures) and
residual stress.

A.1.1 Two-dimensional Models of Classical Beam Structures.
Table A.1.1.1: 2D Cantilever with an end point load.
Length
(microns)
100

Load (Mpa)
0.05
0.1
0.15
0.2
0.25
0.3

Thickness
(microns)
2
FEA Linear

Young's
Modulus (GPa)
165
FEA Non-Linear

Poission’s
Ratio
0.25
Analytical

Displacement
(microns)
0.151518
0.303036
0.454553
0.606071
0.757589
0.909106

Displacement
(microns)
0.151523
0.303057
0.454599
0.60615
0.757688
0.909238

Displacement
(microns)
0.151515152
0.303030303
0.454545455
0.606060606
0.757575758
0.909090909

Table A.1.1.2: 2D Cantilever with a UDL.
Length
(microns)
100

Load (Mpa)
0.001
0.002
0.003
0.004
0.006
0.008

Thickness
(microns)
2
FEA Linear

Young's
Modulus (GPa)
165
FEA Non-Linear

Poission’s
Ratio
0.25
Analytical

Displacement
(microns)
0.113645
0.227291
0.340936
0.454582
0.681873
0.909163

Displacement
(microns)
0.113646
0.227293
0.340942
0.454591
0.681891
0.9092

Displacement
(microns)
0.113636364
0.227272727
0.340909091
0.454545455
0.681818182
0.909090909
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Table A.1.1.2: Two-dimensional Simply supported beam with a central point
load.
Length
(microns)

Thickness
(microns)

Young's
Modulus (GPa)

Poission’s
Ratio

100

2
FEA Linear

165
FEA Non-Linear

0.25
Analytical

Load (Mpa)
1
2
3
4
5

Displacement
(microns)
0.189683
0.379367
0.56905
0.758734
0.948417

Displacement
(microns)
0.189717
0.379492
0.569312
0.759157
0.94902

6

1.138

1.139

Displacement
(microns)
0.189393939
0.378787879
0.568181818
0.757575758
0.946969697
1.136363636

Table A.1.1.3: 2D Simply supported beam with a UDL
Poission’s
Ratio

2
FEA Linear

Young's
Modulus (GPa)
165
FEA Non-Linear

Load (Mpa)

Displacement
(microns)

Displacement
(microns)

Displacement
(microns)

0.01
0.02
0.04
0.06
0.08
0.1

0.118539
0.237078
0.474155
0.711233
0.948311
1.185

0.117345
0.22846
0.419345
0.572494
0.696524

Length
(microns)

Thickness
(microns)

100

0.801545

0.25
Analytical

0.118371212
0.236742424
0.473484848
0.710227273
0.946969697
1.183712121

Table A.1.1.4: 2D Fixed-fixed beam with a central point load
Length
(microns)

Thickness
(microns)

Young's
Modulus (GPa)

Poission’s
Ratio

100

2
FEA Linear

165
FEA Non-Linear

0.25
Analytical

Load (Mpa)

Displacement
(microns)

Displacement
(microns)

Displacement
(microns)

1
2
4
8
12

0.047522
0.095044
0.190088
0.380176
0.570264

0.047503
0.094893
0.188888
0.371043

0.047348485
0.09469697
0.189393939
0.378787879

0.541759

0.568181818
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Table A.1.1.5: 2D Fixed-fixed beam with a UDL.
Length
(microns)

Thickness
(microns)
2

Young's
Modulus (GPa)

Poission’s
Ratio

165

0.25

FEA Linear

FEA Non-Linear

Analytical

Load (Mpa)

Displacement
(microns)

Displacement
(microns)

Displacement
(microns)

0.02
0.04
0.06
0.08
0.12

0.047524
0.095049
0.142573
0.190098
0.285147

0.047504
0.094889
0.142042
0.188855
0.281064

0.18

0.42772

0.414629

100

0.047348485
0.09469697
0.142045455
0.189393939
0.284090909
0.426136364

A.1.2 Two-dimensional Models of Classical Beam Structures with
Residual Stress
Table A. 1.2.1: 2D Simply supported beam with central point load.
Length
(microns)
100
Linear
Residual
stress
Load (Mpa)
0
1
2
3
4

Thickness
(microns)
2

Young's
Modulus (GPa) Poission’s Ratio
0.25
165
Non-linear

200 MPa Sx Sy 400 MPa Sx Sy 200 MPa Sx Sy

400 MPa Sx Sy

Displacement
(microns)
0.090927
0.195614
0.382534
0.571274

Displacement
(microns)
0.181689
0.213009
0.391292
0.577402
0.765387

0.76047

Displacement
(microns)
0.181855
0.213023
0.391227
0.577227
0.765067

Displacement
(microns)
0.090886
0.195632
0.382633
0.571498
0.760847

Table A.1.2.2: 2D Simply supported beam with a UDL.
Length
(microns)

Thickness
(microns)

100

2

Linear
Residual
stress
Load (Mpa)
0
0.01
0.02
0.04
0.06
0.08
0.1

Young's
Modulus (GPa) Poission’s Ratio
165
Non-linear

200 MPa Sx Sy 400 MPa Sx Sy 200 MPa Sx Sy
Displacement
(microns)
0.011819
0.119097
0.237357
0.474295
0.711326
0.948381
1.185

Displacement
(microns)
0.023639
0.120756
0.238194
0.47415
0.711606
0.94859
1.186
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Displacement
(microns)
0.011832
0.027652
0.051572
0.101193
0.184923
0.245113
0.304331

0.25

400 MPa Sx Sy
Displacement
(microns)
0.023614
0.02915
0.042273
0.074535
0.10873
0.14341
0.17821

Table A. 1.2.3: 2D Fixed-fixed beam with a central point load.
Length
(microns)

Thickness
(microns)

100

2

Load (Mpa)
0
1
2
4
8
12

165

0.25

Non-linear

Linear
Residual
stress

Young's
Modulus (GPa) Poission’s Ratio

200 MPa Sx Sy 400 MPa Sx Sy 200 MPa Sx Sy

400 MPa Sx Sy

Displacement
(microns)

Displacement
(microns)

Displacement
(microns)

Displacement
(microns)

0.001147
0.048647
0.096157
0.191178
0.38122

0.002293
0.049784
0.097294
0.192315
0.382356
0.572398

0.001146
0.0295
0.057854
0.114315
0.226653
0.337332

0.002291
0.022681
0.04287
0.083436
0.164303
0.24452

0.571261

"able A.1.2.4: 2D Fixed-fixed beam with a UD L.
Length
(microns)

Thickness
(microns)

100

2

Linear
Residual
stress

Young’s
Modulus (GPa) Poission’s Ratio
165

0.25

Non-linear

200 MPa Sx Sy 400 MPa Sx Sy 200 MPa Sx Sy

400 MPa Sx Sy

Load (Mpa)

Displacement
(microns)

Displacement
(microns)

Displacement
(microns)

Displacement
(microns)

0
0.02
0.04
0.06
0.08
0.12

0.001147
0.048653
0.096169
0.143685
0.191201
0.286233

0.002293
0.04979
0.097306
0.144822
0.192338
0.28737

0.001146
0.029552
0.057955
0.086223
0.114357
0.170729

0.002291
0.022792
0.04312
0.062866
0.083571
0.124129
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A.1.3:Three-dimensional Models of Classical Beam Structures.
Table A.1.3.1: 3D Cantilever with an end point load.
Length
(microns)
100

Load (Mpa)
1
2
3
4
5
6

Young's
Thickness
(microns)
Modulus (GPa)
2
165
FEA Linear FEA Non-Linear

Poission’s
Ratio
0.25
Analytical

Displacement Displacement Displacement
(microns)
(microns)
(microns)
0.151515152
0.148824
0.14883
0.303030303
0.297649
0.297669
0.454545455
0.446516
0,446473
0.595371
0.606060606
0.595297
0.757575758
0.744121
0.74423
0.909090909
0.892946
0.893093

Table A.1.3.2: 3D Cantilever with a IJDL.
Length
(microns)
100

Load (Mpa)
0.001
0.002
0.003
0.004
0.006
0.008

Thickness
Young's
(microns)
Modulus (GPa)
2
165
FEA Linear FEA Non-Linear

Poission’s
Ratio
0.25
Analytical

Displacement Displacement Displacement
(microns)
(microns)
(microns)
0.113636364
0.11136
0.111361
0.227272727
0.222721
0.222723
0.340909091
0.334086
0.334081
0.454545455
0.445441
0.44545
0.681818182
0.668162
0.66818
0.909090909
0.890913
0.890882

Table A.1.3.3: 3D Simply supported beam with central point load
Length
(microns)
100

Young's
Thickness
Modulus (GPa)
(microns)
165
2
FEA Linear FEA Non-Linear

Poission’s
Ratio
0.25
Analytical

Displacement Displacement Displacement
(microns)
(microns)
Load (Mpa) (microns)
0.189393939
0.184565
0.188829
20
0.378787879
0.348049
0.377919
40
0.568181818
0.485913
60
0.566878
0.757575758
0.755837
0.602726
80
0.946969697
0.944797
0.701795
100
1.136363636
1.134
0.789189
120
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able A. 1.3.4: 3D Simply supported beam with a UDL
Length
(microns)
100

Thickness
(microns)

Young’s
Modulus (GPa)

Poission’s
Ratio

2

165
FEA Non-Linear

0.25

FEA Linear
Load (Mpa)
0.01
0.02
0.04
0.06
0.08
0.1

Analytical

Displacement Displacement Displacement
(microns)
(microns)
(microns)
0.118576
0.117379
0.13061651
0.237152
0 228512
0 26123302
0.52246604
0.474303
0.41935
0.572414
0.711455
0.78369906
0.696334
0.948606
1.044932079
1.186
0.801253
1.306165099

Table A. 1.3.5: 3D Fixed-fixed beam with a central point load
Length
(microns)
100

Load (Mpa)
20
40
80
160
320

Thickness
(microns)
2
FEA Linear

Young's
Modulus (GPa)
165
FEA Non-Linear

Poission’s
Ratio
0.25
Analytical

Displacement Displacement Displacement
(microns)
(microns)
(microns)
0.045837
0.047348485
0.045853
0.091574
0.091706
0.09469697
0.182372
0.183413
0.189393939
0.358974
0.366826
0.378787879
0.733652
0.679753
0.757575758

Table A. 1.3.6: 3D Fixed-fixed beam with a UDL.
Length
(microns)
100

Load (Mpa)
0.02
0.04
0.06
0.08
0.12
0.18

Thickness
(microns)
2
FEA Linear

Young's
Modulus (GPa)
165
FEA Non-Linear

Poission’s
Ratio
0.25
Analytical

Displacement Displacement Displacement
(microns)
(microns)
(microns)
0.046133
0.046115
0.047348485
0.092267
0.092128
0.09469697
0.1384
0.137939
0.142045455
0.184533
0.183456
0.189393939
0.273257
0.2768
0.284090909
0.4152
0.403807
0.426136364
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A. 1.4. Three-dimensional Models of Classical Beam Structures with
Residual Stress
Table A. 1.4.1; 3D Simply supported beam with a central point load
Length
(microns)

Thickness
(microns)

100

2

Linear
Residual
stress

Young's
Modulus (GPa)

Poission’s
Ratio

165

0.25

Non-linear

200 MPa Sx Sy 400 MPa Sx Sy 200 MPa Sx Sy 400 MPa Sx Sy

Load (Mpa)

Displacement
(microns)

Displacement
(microns)

Displacement
(microns)

Displacement
(microns)

0
20
40
60
80

0.011819
0.18918
0.377833
0.566604
0.755403

0.023639
0.190229
0.37836
0.566955
0.755667

0.011832
0.043188
0.084036
0.125393
0.166881

0.023614
0.037593
0.063739
0.092047
0.120973

Table A.1.4.2: 3D Simply supported beam with a UDL.
Length
(microns)

Thickness
(microns)

Young's
Modulus (GPa)

Poission’s
Ratio

100

2

165

0.25

Linear
Residual
stress

Non-linear

200 MPa Sx Sy 400 MPa Sx Sy 200 MPa Sx Sy 400 MPa Sx Sy

Load (Mpa)

Displacement
(microns)

Displacement
(microns)

Displacement
(microns)

Displacement
(microns)

0
0.01
0.02
0.04

0.011819
0.119097
0.237357
0.474295

0.023639
0.120756
0.238194
0.474715

0.011832
0.027652
0.051572
0.101193

0.023614
0.02905
0.042273
0.074535

0.06
0.08

0.711326

0.711606
0.94859

0.184923

0.10873
0.14341

0.94838
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0.245113

Table A.1.4.3: 3D Fixed-fixed beam with a central point load.
Length
(microns)

Thickness
(microns)

100

2

Linear
Residual
stress

Young's
Modulus (GPa)

Poission’s
Ratio

165

0.25

Non-linear

200 MPa Sx Sy 400 MPa Sx Sy 200 MPa Sx Sy 400 MPa Sx Sy

Load (Mpa)

Displacement
(microns)

Displacement
(microns)

Displacement
(microns)

Displacement
(microns)

0
20
40
80
160
320

0.011819
0.047278
0.092427
0.183774
0.367007
0.733742

0.023639
0.051314
0.094555
0.184854
0.367548
0.734013

0.011832
0.029699
0.055939
0.109988
0.218486
0.43103

0.023614
0.030184
0.045339
0.081426
0.157757
0.313945

Table A.1.4.4: 3D Fixed-fixed beam with a UDL point load.
Length
(microns)

Thickness
(microns)

Young's
Modulus (GPa)

Poission’s
Ratio

100

2

165

0.25

Linear
Residual
stress

Non-linear

200 MPa Sx Sy 400 MPa Sx Sy 200 MPa Sx Sy 400 MPa Sx Sy

Load (Mpa)

Displacement
(microns)

Displacement
(microns)

Displacement
(microns)

Displacement
(microns)

0
0.02
0.04
0.06
0.08
0.12

0.011599
0.047916
0.093363
0.139255
0.185263
0.277394

0.023197
0.052202
0.095833
0.141059
0.186725

0.011832
0.030056
0.056696
0.084032
0.111521

0.023168
0.030406
0.04593
0.063904
0.082738

0.27851

0.166525

0.121345
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A.l.S.Two-dimensional Axis-symmetric Models of Classical Circular
Plate Structures
Table A.1.5.1: 2D Axis-symmetric Circular Plate with Clamped Edges Central
Point Load.
Length
(microns)

Thickness
(microns)

Young's
Modulus (GPa)

Poission’s
Ratio

100

2
FEA Linear

165
FEA Non-Linear

0.25
Analytical

Load (Mpa)

Displacement
(microns)

Displacement
(microns)

Displacement
(microns)

50
75
150
225
325
500
700

0.085856
0.128784
0.257569
0.386353
0.558066
0.858562
1.202

0.08579
0.128561
0.255801
0.38053
0.541331
0.803934

0.084777154
0.12716573
0.254331461
0.381497191
0.551051498
0.847771535
1.186880149

1.073

Table A.1.5.2: 2D Axis-symmetric Circular Plate with Clamped Edges UDL
Length
(microns)
100

Load (Mpa)
0.01
0.02
0.03
0.04
0.06
0.08

Thickness
(microns)
2
FEA Linear

Young's
Modulus (GPa)

Poission’s
Ratio

165
FEA Non-Linear

0.25
Analytical

0.133291
0.266581
0.399872
0.533162
0.799743

Displacement
(microns)
0.13297
0.264092
0.391766
0.514792
0.744266

Displacement
(microns)
0.133167614
0.266335227
0.399502841
0.532670455
0.799005682

1.066

0.950655

1.065340909

Displacement
(microns)

Table A.1.5.3: 2D Axis-symmetric Circular Plate with Simply Supported Edges
and a Central Point Load.
Length
(microns)

Thickness
(microns)

Young's
Modulus (GPa)

Poission’s
Ratio

100

2
FEA Linear

165
FEA Non-Linear

0.25
Analytical

Displacement
(microns)
0.08842
0.176841
0.353682
0.530523
0.707364
0.884205
1.326

Displacement
(microns)
0.088175
0.174936
0.34002
0.491177
0.622903
0.742669
0.997555

Displacement
(microns)
0.082657725
0.165315449
0.330630899
0.495946348
0.661261797
0.826577247
1.23986587

Load (Mpa)
20
40
80
120
160
200
300
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Table A. 1.5.4: 2D Axis-symmetric Circular Plate with Simply Supported Edges
and a UDL.
Length
(microns)

Thickness
(microns)

Poission’s
Ratio

Young's
Modulus (GPa)

2

165

0.25

FEA Linear

FEA Non-Linear

Analytical

Load (Mpa)

Displacement
(microns)

Displacement
(microns)

Displacement
(microns)

0.005
0.01
0.015
0.02
0.025
0.03

0.279471
0.558943
0.838414
1.118
1.397
1.677

0.270286
0.499522
0.685041
0.83897
0.964118
1.075

0.279651989
0.559303977
0.838955966
1.118607955
1.398259943
1.677911932

100

A.1.6 Two-dimensional Axis-symmetric Models of Classical Circular
Plate Structures with Residual Stress
Table A.1.6.1: 2D Axis-symmetric Circular Plate with Clamped Edges Central
Point Load.
Length
(microns)

Thickness
(microns)

100

Linear
Residual
stress

Young's
Modulus (GPa)

Poission’s
Ratio

165

0.25

Non-linear

200 MPa Sx Sy 400 MPa Sx Sy 200 MPa Sx Sy 400 MPa Sx Sy

Load (Mpa)

Displacement
(microns)

Displacement
(microns)

0
50
75
150
225

0.020964
0.088911
0.131839
0.260624
0.389408

0.041928
0.091966
0.134894
0.263679
0.392463

Displacement Displacement
(microns)
(microns)
0.020967
0.040923
0.059855
0.116619
0.173301

0.041938
0.04488
0.048553
0.081244
0.118802

Table A.1.6.2: 2D Axis-symmetric Circular Plate with Clamped Edges UDL
Length
(microns)

Thickness
(microns)

100

Linear
Residual
stress
Load (Mpa)
0
0.01

0.02
0.03
0.04
0.06
0.08

Young's
Modulus (GPa)

Poission’s
Ratio

165

0.25

Non-linear

200 MPa Sx Sy 400 MPa Sx Sy 200 MPa Sx Sy 400 MPa Sx Sy
Displacement
(microns)

Displacement
(microns)

0.020964
0.13633
0.269605
0.402879
0.536154
0.802704
1.069

0.041928
0.139385
0.272659
0.405934
0.539209
0.805759
1.072
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Displacement Displacement
(microns)
(microns)
0.020967
0.062105
0.121081
0.179898
0.238476
0.354629
0.469005

0.041938
0.056015
0.086348
0.123317
0.162317
0.240113
0.317538

Table A.1.6.3: 2D Axis-symmetric Circular Plate with Simply Supported Edges
and a Central Point Load.
Length
(microns)
100
Linear
Residual
stress
Load (Mpa)
0
20
40
80
120
160
200

Thickness
(microns)
2

Young’s
Modulus (GPa)
165
Non-linear

Poission’s
Ratio
0.25

200 MPa Sx Sy 400 MPa Sx Sy 200 MPa Sx Sy 400 MPa Sx Sy
Displacement
(microns)
0
0.08842
0.176841
0.353682
0.530523
0.707364
0.884205

Displacement
(microns)
0
0.08842
0.176841
0.353682
0.530523
0.707364
0.884205

Displacement
(microns)
0
0.013436
0.026872
0.053744
0.080616
0.107488
0.134361

Displacement
(microns)
0
0.008081
0.016162
0.032323
0.048485
0.064647
0.080808

Table A. 1.6.4: 2D Axis-symmetric Circular Plate with Simply Supported Edges
and a UDL.
Length
(microns)
100
Linear
Residual
stress
Load (Mpa)
0
0.005
0.01
0.015

Thickness
(microns)
2

Young’s
Modulus (GPa)
165
Non-linear

Poission’s
Ratio
0.25

200 MPa Sx Sy 400 MPa Sx Sy 200 MPa Sx Sy 400 MPa Sx Sy
Displacement
(microns)
0
0.279471
0.558943
0.838414

Displacement
(microns)
0
0.279471
0.558943
0.838414
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Displacement
(microns)
0
0.028699
0.057397
0.086096

Displacement
(microns)
0
0.014998
0.029997
0.044995

A.1.7 Three-dimensional Models of Classical Circular Plate
Structures
Table A.1.7.1: 3D Circular Plate with Clamped Edges Central Point Load
Length
(microns)
100

Load (Mpa)
50
75
150
225
325
500
700

Thickness
Young's
(microns) Modulus (GPa)
2
165
FEA Linear FEA Non-Linear

Poission’s
Ratio
0.25
Analytical

Displacement Displacement Displacement
(microns)
(microns)
(microns)
0.083684
0.083621
0.084777154
0.125526
0.125312
0.12716573
0.254331461
0.251051
0.249358
0.376577
0.370996
0.381497191
0.543944
0.527879
0.551051498
0.838441
0.785927
0.847771535
1.174
1.049
1.186880149

Table A.1.7.2: 3D Circular Plate with Clamped Edges UPL
Length
(microns)
100

Load (Mpa)
0.01
0.02
0.03
0.04
0.06
0.08

Thickness
Young's
(microns)
Modulus (GPa)
2
165
FEA Linear FEA Non-Linear

Poission’s
Ratio
0.25
Analytical

Displacement Displacement Displacement
(microns)
(microns)
(microns)
0.131712
0.133167614
0.132019
0.264037
0.261649
0.266335227
0.396056
0.388269
0.399502841
0.528075
0.510396
0.532670455
0.792112
0.738522
0.799005682
0.944032
1.056
1.065340909

Table A. 1.7.3: 3D Circular Plate with Simply Supported Edges and a Central
Point Load.
Length
(microns)
100

Load (Mpa)
20
40
80
120
160
200
300

Young's
Thickness
(microns) Modulus (GPa)
2
165
FEA Linear FEA Non-Linear

Poission’s
Ratio
0.25
Analytical

Displacement Displacement Displacement
(microns)
(microns)
(microns)
0.088251
0.088006
0.082657725
0.176502
0.1764
0.165315449
0.339362
0.353005
0.330630899
0.529507
0.490215
0.495946348
0.661261797
0.706009
0.621635
0.741114
0.88251
0.826577247
1.324
0.991526
1.23986587
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Table A.1.7.4: 3D Circular Plate with Simply Supported Edges and a UDL
Length
(microns)

Thickness
(microns)

Young's
Modulus (GPa)

Poission’s
Ratio

100

2

165

0.25

FEA Linear

FEA Non-Linear

Analytical

Load (Mpa)

Displacement Displacement Displacement
(microns)
(microns)
(microns)

0.005
0.01
0.015
0.02
0.025
0.03

0.279401
0.558801
0.838202
1.118
1.397

0.270215
0.499368
0.684804
0.835951
0.963598
1.074

1.676

0.279651989
0.559303977
0.838955966
1.118607955
1.398259943
1.677911932

A. 1.8. Three-dimensional Models of Classical Circular Plate Structures with
Residual Stress
Table A.1.8.1: 3D Circular Plate with Clamped Edges and a Central Point Load
Length
(microns)

Thickness
(microns)

Young's
Modulus (GPa)

Poission’s
Ratio

100

2

165

0.25

Linear
Residual
stress

Non-linear

200 MPa Sx Sy 400 MPa Sx Sy 200 MPa Sx Sy 400 MPa Sx Sy

Load (Mpa)

Displacement
(microns)

Displacement
(microns)

Displacement
(microns)

Displacement
(microns)

0
50
75
150
225
325
500
700

0.001428
0.084697
0.126539
0.252065
0.37759
0.544958
0.839456
1.175

0.002857
0.085711
0.127553
0.253078
0.378604
0.545971
0.84047
1.176

0.001429
0.06647
0.099154
0.196814
0.293534
0.420324
0.634939
0.864417

0.002857
0.061704
0.091508
0.180614
0.268983
0.385096
0.581591
0.794185

Table A.1.8.2: 3D Circular Plate wilth Clamped Edges UDL.
Length
(microns)

Thickness
(microns)

Young's
Modulus (GPa)

Poission’s
Ratio

100

2

165

0.25

Linear
Residual
stress

Non-linear

200 MPa Sx Sy 400 MPa Sx Sy 200 MPa Sx Sy 400 MPa Sx Sy

Load (Mpa)

Displacement
(microns)

Displacement
(microns)

Displacement
(microns)

Displacement
(microns)

0
0.01
0.02
0.03
0.04

0.001428
0.133017
0.265019
0.397022
0.529025

0.002857
0.13403
0.266033
0.398036
0.530039

0.001429
0.098936
0.196286
0.292526
0.387178

0.002857
0.084631
0.166919
0.248586
0.329352
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Table A.1.8.3: 3D Circular Plate with Simply Supported Edges and a Central
Point Load.
Length
(microns)

Thickness
(microns)

100

2

Load (Mpa)
0
20
40
80
120
160
200

Poission’s
Ratio

165

0.25

Non-linear

Linear
Residual
stress

Young's
Modulus (GPa)

200 MPa Sx Sy 400 MPa Sx Sy 200 MPa Sx Sy 400 MPa Sx Sy
Displacement
(microns)

Displacement
(microns)

Displacement
(microns)

Displacement
(microns)

3.48E-17
0.08842
0.176841
0.353682
0.530523
0.707364

6.96E-17
0.08842
0.176841
0.353682
0.530523
0.707364
0.884205

1.7E-14
0.013436
0.026872
0.053744
0.080616
0.107488
0.134361

1.7E-14
0.008081
0.016162
0.032323
0.048485
0.064647

0.884205

0.080808

ible A.i.8.4: 3D Circular Plate with Simp y Supported Edges and a UD
Length
(microns)

Thickness
(microns)

Young's
Modulus (GPa)

Poission’s
Ratio

100

2

165

0.25

Linear
Residual
stress

Non-linear

200 MPa Sx Sy 400 MPa Sx Sy 200 MPa Sx Sy 400 MPa Sx Sy

Load (Mpa)

Displacement
(microns)

Displacement
(microns)

Displacement
(microns)

Displacement
(microns)

0
0.005
0.01
0.015
0.02
0.025
0.03

3.48E-17
0.279471
0.558943
0.838414
1.118
1.397
1.677

6.96E-17
0.279471
0.558943
0.838414
1.118
1.397
1.677

1.7E-14
0.028699
0.057397
0.086096
0.114795
0.143493
0.172192

1.7E-14
0.014998
0.029997
0.044995
0.059993
0.074992
0.08999
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Appendix 2: Large Deflection Theory for Clamped Circular Plates

The governing differential equations for the bending of a circular plate are as [4]:

P
D

h d<f) d^w
Dr dr dr'

= —+

(A2.1)

and

^4 ,
\

(p — —

E dw d^w
r dr dr^

(A2.2)

where ^ is the Airy stress function and the bihaimonic operator

is given by (for

Azimuthal symmetry)

4 r a'

V’ =

dr^

1 a

----

-)

(A2.3)

r dr

Most micromachined diaphragms are considered to have clamped boundary
conditions, that is

w{r = edge) = (i,

dr '

=

(A2.4)

0.

An additional boundary condition is required in order to solve the problem. That is,
that the amount of stretch, w, at the edge of the plate is zero. This is further cast in
terms of the circumferential strain through the centre thickness of the plate, Zq, and
the built-residual strain, s/ i.e.

(A2.5)

I r=a

This is further developed to become [perhaps check reference?]

(A2.6)
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ay

V d<^

dr^

r dr

=

(A2.7)

sE

The deflection and Airy stress functions have the presumed solutions

^{r) =

+

+C^r^)

(A2.8)

<l> = f[B,r^+B,r^+B,r^ + By\

(A2.9)

where / is the maximum deflection of the plate. Applying the boundary conditions to
equation () yields
-i2
1

(A2.10)

-

\aj

which has the same dependence on r as the small deflection case. This solution, when
substituted into equation (), simplifies ^to

1 fr^
48

\fy
2
\( r
= f‘ By —- H--9 yaj
41 ay

(A2.11)

If the boundary condition of equation () is invoked, the solution for ^becomes

^(r) =

5-3v/Y
12

\-v

+

a)

Ifr'^

2(1-v) \aj

1 r
--f+—
9 yaj
48U

(A2.12)

The final step in the derivation is to solve for f. This is done by applying the Bubnov
method. But instead of using the energy functional as the coordinate, we minimize the
governing differential equation of () and assume that w{r) is orthogonal with respect
to all other coordinate functions, i.e.
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w DVw-

^ d Y d(f> dw

(A2.13)

-P dA = 0

y dr jv dr dr

Integrating and collecting terms gives

2£/(1+v)(23-9f)

\6Et^

3

63fl'(l-K')

-o

9a\\-v")

3

(A2.14)

This is a cubic equation with three roots. The real root of/is given by

f = A-

a

(A2.15)

3^

where: -

A = ij— + y

(A2.16)

V 1

_

^

a-

(A2.17)

\27^ 4

56r
(1 + f)(23-9v)

IPaU^
8T)(l + v/(23-9v/
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(A2.18)

(A2.19)

A.3

Finite Element Analysis of Electrostatic Structural Coupled
Fields
In the design and simulation of an electrostatically-excited MEMS device the

analysios of electro-strctural coupled fields is of great importance because of the
possibility of a significant interaction of the externally applied electrostatic field with
the devices internal mechanical field. The following section details how a set of
equations for FEA of electrostatic-structural coupled fields can be derived. It begins
with the equilibrium linear elastic structural and electrostatic equations and develops a
solution for the coupled interaction using empirical formulae. It details any necessary
assumptions and develops a solution in 3D accounting for the various forces and
interactions in the system [77]. The solution is as follows.
In the finite element method, the equilibrium equations relating to linear
elastic structural problems and electrostatic problems can be written,
respectively, as:

mW
+
[^d\{^e) = {Q}

= [F]

(1)
(2)

where [A"] is the stiffness matrix, \M\ is the mass matrix, [A,] is the damping
matrix, [AJ is the dielectric conductivity matrix,
is the applied force
vector, {Q} is the applied charge vector, {u} is the nodal displacement vector
and {(p^} is the nodal electric potential vector.
For linear materials, the constitutive equations for elastic structural fields
and electrostatic fields can be written, respectively, as:
{r}=W{5'} and

{D}=[e]{E}

and the shape functions for elastic structural fields and electrostatic fields
are:
{w)=[Aq{r/}

;

{9}=[A,]{(Pe} ;

{S}=[B]{u}

{£}=-(5J{(pJ

where [c] is the elasticity matrix, [ej is the dielectric matrix, {T} is the stress
vector, {5'} is the strain vector, {D} is the electric flux vector, {E} is the electric
field vector, {w} is the displacement vector of a general point, {9} is the
electric potential vector of a general point. [N] is the matrix of displacement
shape function,
[B] is the strain-displcement matrix. [Ngj is the vector of
electrical potential shape function and the [B^] is the electric flux-electric field
matrix.
The material behaviour of the electrostatic-structural coupled field is
non-linear, therefore, in order to find the coupled finite element matrix
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equations for it, the electromechanical constitutive equations must be derived
first.
The electrostatic stress {T^} is related to electric field {E} and strain {S} by;
■ 1 _ gr(l4.S'yXl+-yz)
2 ^
(1+5,)2

Tex

1

Tey

£x(l+5,)

Tez

1

£>(1+5,)
2^->' (l-hS»

£|(I+5>)
2^^ (l-hJ,)

£y{l+5,XI-hyr)

£i(I+5>)

£^(l+5x)

1

1

£^(1+5x)

2^y (145^) -^2^^

2 ^ (1+5,)

(3)

£f(I+5xXl+5>)

(i+j,)2

The relationship between {E}, {S} and {D} is
+S^)(1 +5.)

' Dx

Dy ► = ■ e:j,j^(l+SxXl+Sz) •
Dz

(4)

E* .
Er-^d+S,XI+5^)

Therefore the electromechanical constitutive equations
electrostatic-structural coupled field can then be obtained as:

of

{Ar}=Kj{AS}-ie]{A£}

the

(5)
(6)

where [cv] = [c] + [cg] (the elasticity matrix)
c^Al*SyXl*Si')
[c.]-

-n -t- V

y..

*^£1

_______ X

I

ci^

^ w

1(1 ■►•SjX-- I

tJEl

kwSvX—----( ■,. J.)*'*
2''

(i.Ky.)2

ik

€,£j

V

c£}

(1-kS-,)^

(the electrical elasticity matrix)

[c]-^ =

I
£x

-Vry
Ey

£x
-^'zx
£,

1
Ey
-Vzy
Ey

-^xx
£,
-Vyi
£,
1
£,

gx(l+5>)(l+5,)

[ec] =

0
0

Gx£x(l+*Sy)(!+»?;)

[e] =

(i+£x)2
Ex£i(1+5,)

(the structural elasticity matrix)

0

0

e^(l+5x)(l+5,)
(1+5^)

0

0 -

(the dielectric matrix)

e,(l+5x)(l+5>)
(l+£r)

Sy£y(l+iy*)

(1+5,)

(I+£>)
-ej,£,,(l^xXl+5,)
(1+5;,)^

(1+5,)
e,£,(l+5x)
(1+5,)

£x£x(1+5>)

S^£^(l45x)

-gr£z(l45x)(l45,)

(l+5x)

(l+5>)

(l+5,)2
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(the coupling matrix)

Referring to eqns (1) and (2) the FEA equations derived for electrostatic
structural coupled fields are then:
..
’ M 0 '

1

|a« ^

0 0

1, ' X o'
0 0

I|a9 L
I

' Kc

K? '

Au

AF

A(p

(7)

where [M\ = fvo/P[^[^^d(vo/) is the structural mass matrix
[Kc\=\yoi{B'\[cc][B\^divot) is the modified structural stiffiiess matrix
= /vo/[^el[ecl[5g]^4vo/) is the dielectric conductivity matrix
[^] = \voi^B][e\[Be\^divot) is the coupling matrix
[X] = a\M\ + p[/:c] is the damping matrix
(Att) is nodal displacement variation vector
From eqn (7), if the coupling matrix [AT], dielectric conductivity matrix [K^
and the modified structural stiffness matrix \K\ can be calculated and
implemented in an FEA package, then the three dimensional
electrostatic-structural coupled field problem can be analysed.
For a capacitively driven H-type gyroscope, driving capacitors are formed
between the beam arms and fixed electrodes mounted on the substrate surface.
The separation distance d of the capacitor plates is usually very small
compared with the length / and width W.
beam

~z.

Electrode

Figure 2: A driving capacitor with small separation distance
Figure 2 shows an example of the driving capacitor with a small separation
distance. Within the capacitor, {£'} and {S} can be approximately considered as
containing only one non-zero component in the x direction. Thus a one
dimensional electrostatic-structural coupled field analysis can be used to
analyse the problem. If the capacitor dielectric is free space then.
T
i <iX

—
—

(8)

-F

e£x
"

(9)
(10)

A£x--^AS.

1

ATe =

t£x

zEi

rAiSx
:AEx*
(l+5r)^

(H)

(l+Sx)^

If the initial electric field
F --f

within the capacitor is
(12)

d

and the strain produced by the electric field in the x direction can be
described as
Ux
(13)
-- j
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Appendix 4:

APDL Log Files of Analyses of capacitive pressure
sensors.

A.4.1 Log file for analysis of capacitive pressure sensor in 2D.
Fini
/cle

! Finish any previous analysis
!Clear data bases

/prep7

! Enter preprocessor

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! IParameter section!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
dp=0.0
vltg=40

[Applied pressure
[Applied voltage

dia=84
oxide=0.08
nitride=0.2
cavity=0.5
diaph=0.9
step 1=0.05
step2=diaph
step3=0.4
out 1=2
out2=4

[Sensor diaphragm diameter
[Thickness of oxide layer
[Thickness of nitride layer
[Depth of sensor cavity
[Diaphragm thickness

Mesh=0.2

[Mesh density

gfact=l .01

[The nitride thickness plus the oxide thickness is
[multiplied by this number to get the position of the
[target element

stress=10
pr=0.25

[Residual stress MPa
[Poisson’s ratio of polysilicon, used to calculate
[residual stress.
[Young’s modulus of polysilicon, used to calculate
[residual stress.
[CTE of polysilicon, used to calculate residual stress.

ym=165e3
tce=4.2e-6
et,l,121
keyopt, 1,3,1
mp,perx,l,3.9

[Select element type and dielectric properties of [oxide.
[Set for axis-symmetric modelling

et,2,121
keyopt,2,3,l
mp,perx,2,7.5

[Select element type and dielectric properties of [nitride.
[Set for axis-symmetric modelling

et,3,121
keyopt,3,3,l
mp,perx,3,l

[Select element type and dielectric properties of air.
[Set for axis-symmetric modelling
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et,4,121
keyopt,4,4,1
mp,perx,4,l

! Select element type and dielectric properties of
!polysilicon.
!Set for axis-symmetric modelling

et,5,169
et,6,172

[Contact elements

emunit,epzro,8.854e-6

[Permittivity of free space

[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[ Create Keypoints for solid model generation[[[[[[[[[[[[[

k„
k„dia/2
k„(dia/2)+step2
k„(dia/2)+step2+out 1
k„(dia/2)+step2+out 1 +out2
k,„oxide
k„dia/2,oxide
k„(diay2)+step2,oxide
k„(dia/2)+step2+outl,oxide
k„(dia/2)+step2+out 1 +out2,oxide
k,„oxide+nitride
k„dia/2,oxide+nitride
k„(dia/2)+step2,oxide+nitride
k„(diay2)+step2+out 1 ,oxide+nitride
k„(dia/2)+step2+out 1 +out2,oxide+nitride
k,„oxide+nitride+cavity
k„dia/2,oxide+nitride+cavity
k„(dia/2)+step2,oxide+nitride+cavity
k„(dia/2)+step2+out 1 ,oxide+nitride+cavity
k„(dia/2)+step2+out 1 +out2,oxide+nitride+cavity
k,„oxide+nitride+cavity+step3
k„dia/2,oxide+nitride+cavity+step3
k„(dia/2)+step2,oxide+nitride+cavity+step3
k„(dia/2)+step2+out 1 ,oxide+nitride+cavity+step3
k„(dia/2)+step2+out 1 +out2,oxide+nitride+cavity+step3
k,„oxide+nitride+cavity+step3+stepl
k„dia/2,oxide+nitride+cavity+step3+stepl
k„(dia/2)+step2,oxide+nitride+cavity+step3+stepl
k„(dia/2)+step2+outl,oxide+nitride+cavity+step3+stepl
k,„oxide+nitride+cavity+diaph
k„dia/2,oxide+nitride+cavity+diaph
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k„(dia/2)+step2,oxide+nitride+cavity+diaph
k„-5,(oxide+nitride)*gfact
k„dia/2*0.98,(oxide+nitride)*gfact
alls
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! Create areas!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
a, 1,2,7,6
a,2,3,8,7
a,3,4,9,8
a,4,5,10,9
a,9,10,15,14
a,8,9,14,13
a,7,8,13,12
a,13,14,19,18
a, 19,20,25,24
a, 14,15,20,19
a,l 8,19,24,23
a, 17,18,23,22
a,22,23,28,27
a,21,22,27,26
a,26,27,31,30
a,12,13,18,17
a,ll,12,17,16
a,6,7,12,ll
a, 16,17,22,21
a,23,24,29,28
a,27,28,32,31
1,33,34

! Create line for contact element

alls
!!!!!!!!!!!!!!!!!!llMesh areas and attach element and materials properties!!!!!!!!!!!
asel,s,„l,4
aatt,l„l
esize,mesh
amesh,all
alls
asel,s,„5,7
asel,a,„18
esize,mesh
aatt,2„2
amesh,all

201

alls
asel,s,„17
cm,air,area

! Create component from air (cavity) elements for use with
lESSOLVE command.

aatt,3„3
esize,mesh
amesh,all

alls
asel,s,„8,16
asel,a,„ 19,21
aatt,4„4
esize,mesh
amesh,all
alls
type,6

! Meshes line 45, the underside of the sensor poly with
ICONTA172 contact elements.

lmesh,45
type,5

! Meshes line 53, the underside of the sensor poly with
1TARGE169 contact elements.

lmesh,53
alls
esel,s,type„5,6
esurf„reverse

! Select element type numbers 5 and 6 and
! reverses the unit normals on selected elements
!for details see contact problem tutorials

alls
lsel,s,line„15,19,2
lsel,a,line„43,45,2

! Select the lines that are the underside of the sensor poly

nsll,s,l
cm,csensl,node

! Select nodes on selected lines
! Generate a component from these lines for use in ! capacitance
calculation.
lApply voltage boundary condition to the selected lines

dl,all„volt,vltg
alls
lsel,s,loc,y,0
nsll,s,l
cm,csens2,node

! Select the lines that are the bottom of the sensor cavity
! Select nodes on selected lines
!Generate a component from these lines for use in !capacitance
calculation.
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dl,all„volt,0

! Apply voltage boundary condition to the selected lines

alls
et,4,0
et,5,0
et,6,0

!Set element type numbers 4,5 and 6 to null
! this is part of the sequence required to use the
lESSOLV command, i.e. to set the elements to null
!for the structural regions .

! For reference the "rules" for the ESSOLV command are:
! 1. build a solid model encompassing the entire electrostatic and structural
! domains. Mesh both the structural and electrostatic domains
!2. Create the electrostatics physics environment by assigning appropriate
!element types to the meshed region, defining material properties, defining
! solid model boundary conditions and excitation, selecting the equation solver,
!etc. For the structural region, set the element type to the"null" element (ET„0).
!Write the electrostatics physics to a physics file (PHYSICS,WRITE).

finish

! Exits the current processor

physics,write,ELECTROS,elec,mat
! Write file "elec.mat" with e'statics physics
physics,clear
!Clears all physics from the database
/prep?

! Initiate preprocessor

PSTRES,on

! Activate residual stress

tempest=(((l-pr)*(-I)*stress)/(ym*tce))

et,l,82,„l

ICalculate temperature change Irequired
to create desired residual ! stress.

! Change element types to 2D structural and enter material
Iprops, oxide, set for ax is-symmetric modelling.

mp,ex,l,80e3
mp,nuxy, 1,0.25
et,2,82,„l

! Change element types to 2D structural and enter material
Iprops, nitride, set for axis-symmetric modelling.

mp,ex,2,270e3
mp,nuxy,2,0.27
et,3,0

! Vacuum elements not required, non-structural

et,4,82,„l

! Change element types to 2D structural and enter material
Iprops, polysilicon, set for axis-symmetric modelling.

mp,ex,4,165e3
mp,nuxy,4,0.25
mp,alpx,4,tce
et,5,169

! Contact elements
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et,6,172
alls
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! Apply boundary conditions !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
Isel,s,loc,y,0
dl,all„all

! Select lines at underside of sensor
! fix these in three dimensions.

alls
dl,39„ux
dl,42„ux
dl,48„ux

! Select lines at centre of sensor and hold in x direction

alls
SFL,26,PRES,dp
SFL,51,PRES,dp
SFE,52,PRES,dp
SFL,41,PRES,dp
SFL,49,PRES,dp
SFL,50,PRES,dp

! Apply pressure load to the top surface of the polysilicon.

alls
et,3,0

! Set the cavity elements to null

tref,0
tunif,tempest

! Apply temperature change to simulate residual stress.

alls

! Select all

fini
/solu

[Finish model
[Enter solution processor

physics,write,STRUCTURE,stm,mat

[write file "stru.mat" with structural
[physics

alls

[Select all

nlgeom,on
autots,on
nsubst,5,100,5

[** nonlinear geometry on **[
[ * * automatic time/load stepping on * * [
[ * * start with 5 substeps, max 100, min 5 * * [

[now run the essolv command using the electrostatic and structural physics files
[already defined. The settings are: 2D, remesh non-structural regions if mesh
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! "morphing" fails The component name of the region to be "morphed" or Iremeshed is
AREA 1, max number of loops 10
ESSOLV,'ELECTROS','STRUCTURE',2,0;air'„„50
Alls

! Select all

/prep7

! Re-enter preprocessor to calculate capacitance.
IReappliy electrostatic element types and properties.

et,l,121
loxide
keyopt, 1,3,1
mp,perx,l,3.9
et,2,121
! nitride
keyopt,2,3,l
mp,perx,2,7.5
et,3,121
keyopt,3,3,l
mp,perx,3,l

!air

et,4,121
keyopt,3,4,l
mp,perx,4,l

!poly

emunit,epzro,8.854e-6

! Permittivity of free space.

Alls

! Select all

finish

! Finish model creation

/solu

lEnter solution processor

CMATRIX,l,'csens',2,0,

!Use cmatrix command macro to calculate Icapacitance

Fini
/postl
esel,u,type„3
/dsca„1
pldi

! Finish, exists the current processor
! Enter post processor
! Unselect cavity elements, not needed.
! Set descale factor to 1
!Plot displacements.

A.4.2 Log file for analysis of capacitive pressure sensor in 3D.
Fini
/cle

! Finish any previous analysis
! Clear data bases

/prep7

lEnter preprocessor
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!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!IParameter section!!!!!!!!!! 1! 1!!!!!III!!!!!!!!!!!!!!!!
dp=0.0
vltg=40

! Applied pressure
! Applied voltage

dia=84
oxide=0.08
nitride=0.2
cavity=0.5
diaph=0.9
step 1=0.05
step2=diaph
step3=0.4
out 1=2
out2=4

! Sensor diaphragm diameter
! Thickness of oxide layer
1 Thickness of nitride layer
! Depth of sensor cavity
! Diaphragm thickness

Mesh=2

IMesh density

gfact=l .01

IThe nitride thickness plus the oxide thickness is
Imultiplied by this number to get the position of the
!target element

stress= 10
pr=0.25

[Residual stress MPa
[Poisson’s ratio of polysilicon, used to calculate
[residual stress.
[Young’s modulus of polysilicon, used to calculate
[residual stress.
[CTE of polysilicon, used to calculate residual stress.

ym=165e3
tce=4.2e-6
et,l,122
mp,perx,l,3-9

[Select element type and dielectric [properties of [oxide.

et,2,122
mp,perx,2,7.5

[Select element type and dielectric properties of [nitride.

et,3,122
mp,perx,3,l

[Select element type and dielectric properties of air.

et,4,122

[Select element type and dielectric properties of air.
[Polysilicon

mp,perx,4,1
et,5,170
et,6,174

[Contact elements

emunit,epzro,8.854e-6

[Permittivity of free space

[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[ Create Keypoints for solid model generation ItlfffffllH?
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k„
k„dia/2
k„(dia/2)+step2
k„(dia/2)+step2+out 1
k„(dia/2)+step2+outl +out2
k,„oxide
k„dia/2,oxide
k„(dia/2)+step2,oxide
k„(dia/2)+step2+out 1 ,oxide
k„(dia/2)+step2+outl +out2,oxide
k,„oxide+nitride
k„dia/2,oxide+nitride
k„(dia/2)+step2,oxide+nitride
k„(dia/2)+step2+out 1 ,oxide+nitride
k„(dia/2)+step2+out 1 +out2,oxide+nitride
k,„oxide+nitride+eavity
k„dia/2,oxide+nitride+eavity
k„(dia/2)+step2,oxide+nitride+cavity
k„(dia/2)+step2+out 1 ,oxide+nitride+cavity
k„(dia/2)+step2+out 1 +out2,oxide+nitride+eavity
k,„oxide+nitride+cavity+step3
k„dia/2,oxide+nitride+eavity+step3
k„(dia/2)+step2,oxide+nitride+eavity+step3
k„(dia/2)+step2+out 1 ,oxide+nitride+cavity+step3
k„(dia/2)+step2+out 1 +out2,oxide+nitride+cavity+step3
k,„oxide+nitride+eavity+step3+stepl
k„dia/2,oxide+nitride+eavity+step3+stepl
k„(dia/2)+step2,oxide+nitride+eavity+step3+stepl
k„(dia/2)+step2+outl,oxide+nitride+eavity+step3+stepl
k,„oxide+nitride+eavity+diaph
k„dia/2,oxide+nitride+eavity+diaph
k„(dia/2)+step2,oxide+nitride+eavity+diaph
k„-5,(oxide+nitride)*gfaet
k„dia/2*0.98,(oxide+nitride)*gfact
k„(dia/2)-2,oxide+nitride+eavity
k„(dia/2)-2,oxide+nitride+cavity+step3
k„(dia/2)-2,oxide+nitride+eavity+step3+stepl
k„(dia/2)-2,oxide+nitride+eavity+diaph
k„(dia/2)-2,oxide+nitride
k„0,(oxide+nitride)*gfact
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k„(dia-4)/2,(oxide+nitride)*gfact
alls
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! Create areas!!!!!!!!!!!!!!!!!!!!!!!!11!!1!1!1!!!1!
a, 1,2,7,6
a,2,3,8,7
a,3,4,9,8
a,4,5,10,9
a,9,10,15,14
a,8,9,14,13
a,7,8,13,12
a,13,14,19,18
a, 19,20,25,24
a, 14,15,20,19
a, 18,19,24,23
a, 17,18,23,22
a,22,23,28,27
a,21,36,37,26
a,26,37,38,30
a,12,13,18,17
a,l 1,39,35,16
a,6,7,12,39,11
a, 16,35,36,21
a,23,24,29,28
a,27,28,32,31
a,35,17,22,36
a,36,22,27,37
a,37,27,31,38
a,39,12,17,35
alls
vrotat,all„„„ 1,30,90,1 IRotate areas through 90 degrees and create volumes
alls
circ,40,dia/2,16,41,90,1

! Create quarter surface of lines for contact element.

a,40,72,73

! Generate contact areas

alls
IThe following section divides selected lines into a
! selected number of elements and therefore enables
! control of the mesh density in selected areas.
FLST,5,16,4,ORDE,16
FITEM,5,1
F1TEM,5,3
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FITEM,5,37
FITEM,5,39
FITEM,5,42
FITEM,5,45
FITEM,5,47
FITEM,5,62
FITEM,5,64
FITEM,5,119
FITEM,5,121
FITEM,5,125
FITEM,5,128
FITEM,5,130
FITEM,5,148
FITEM,5,-149
LSEL,S,,,P51X
FLST,5,9,4,ORDE,9
FITEM,5,3
FITEM,5,39
FITEM,5,42
FITEM,5,47
FITEM,5,64
FITEM,5,121
FITEM,5,125
FITEM,5,130
FITEM,5,149
LSEL,R, ,,P51X
lesize,all,„10,10
alls
FLST,5,6,4,ORDE,6
FITEM,5,1
FITEM,5,37
FITEM,5,45
FITEM,5,62
FITEM,5,119
FITEM,5,128
LSEL,S, ,,P51X
lsel,a,„148
lesize,all,„ 10,0.1
alls
FLST,5,6,4,ORDE,6
FITEM,5,13
FITEM,5,15
FITEM,5,26
FITEM,5,79
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FITEM,5,83
FITEM,5,100
LSEL,S, ,,P51X
lesize,all,„ 10,0.1
alls
FLST,5,4,4,ORDE,4
FITEM,5,11
FITEM,5,24
FITEM,5,77
FITEM,5,98
LSEL,S, ,,P51X
lesize,all,„10,10
alls
FLST,5,24,4,ORDE,20
FITEM,5,17
FITEM,5,22
FITEM,5,29
FITEM,5,31
FITEM,5,-32
FITEM,5,35
FITEM,5,54
F1TEM,5,56
F1TEM,5,58
FITEM,5,-61
FITEM,5,87
FITEM,5,94
FITEM,5,106
FITEM,5,109
FITEM,5,-110
FITEM,5,115
FITEM,5,136
FITEM,5,139
FITEM,5,143
FITEM,5,-146
LSEL,S, ,,P51X
lsel,a,„19
lsel,a,„90
lesize,all,„8
alls
FLST,5,13,4,ORDE,13
F1TEM,5,93
FITEM,5,95
FITEM,5,101
FITEM,5,107
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FITEM,5,111
FITEM,5,114
FITEM,5,116
FITEM,5,120
FITEM,5,124
FITEM,5,134
FITEM,5,-135
FITEM,5,138
FITEM,5,140
LSEL,S,,,P51X
lsel,a,„44
lsel,a,„127
lesize,all,„4
alls
mshape,l,3
mshkey,0

! Allow 3D meshing of the structure with tetrahedrons.

alls
type,l
mat,l
vsel,s,„l,4
esize,mesh
vmesh,all,all

! Select elements, select volumes and mesh.

alls
type,2
mat,2
vsel,s,„5,7
vsel,a,„18
esize,mesh
vmesh,all,all

! Select elements, select volumes and mesh.

alls
type,3
mat, 3
vsel,s,„25
esize,mesh* 1
vmesh,all,all

! Select elements, select volumes and mesh.

alls
type,3
mat,3
vsel,s,„17
esize,mesh* I

[Select elements, select volumes and mesh.
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vmesh,all,all
alls
type,4
mat,4
vsel,s,„8
vsel,a,„l 1,13
vsel,a,„16
vsel,a,„20,24
esize,mesh
vmesh,all,all

[Select elements, select volumes and mesh.

alls
type,4
mat,4
vsel,s,„14,15
vsei,a,„9,10
vsel,a,„19
esize,mesh* 1
vmesh,all,all

! Select elements, select volumes and mesh.

alls
vsel,s,„17

[Select air (cavity) volumes and crate a component for use
[with the ESSOLVE command.

vsel,a,„25
cm,air,volu
alls
type,5

[Meshes area 106, the underside of the sensor poly with
[CONTA170 contact elements.

esize,mesh
asel,s,„106
amesh,all
alls
type,6

[Meshes area 85, the underside of the sensor poly with
[TARGE174 contact elements.

esize,mesh
asel,s,„85
amesh,all
alls
asel,s,„43,49,3 [Select the areas that are the underside of the poly.
asel,a,„81
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asel,a,„85
asel,a,„98
nsla,s,l
cm,csensl,node
da,all,volt,vltg

[Select nodes
[Generate component for use with CMATRIX command.
[Apply voltages to selected areas.

alls
asel,s,loc,y,0
nsla,s,l
cm,csens2,node
da,all,volt,0

[Select the areas that are the underside of the oxide layer.
[Select nodes
[Generate component for use with CMATRIX command.
[Apply voltages to selected areas.

alls
et,4,0
et,5,0
et,6,0

[Set element type numbers 4,5 and 6 to null
[ this is part of the sequence required to use the
[ESSOLV command, i.e. to set the elements to null
[for the structural regions .

[ For reference the "rules" for the ESSOLV command are;
[1. build a solid model encompassing the entire electrostatic and structural
[domains. Mesh both the structural and electrostatic domains
12. Create the electrostatics physics enviromnent by assigning appropriate
[element types to the meshed region, defining material properties, defining
[solid model boundary conditions and excitation, selecting the equation solver,
[etc. For the structural region, set the element type to the"null" element (ET„0).
[Write the electrostatics physics to a physics file (PHYSICS,WRITE).

finish

[Exits the current processor

physics,write,ELECTROS,elec,
physics,clear
PSTRES,on

[ Write electrostatic physics file
[Clears all physics from the database
[Activate residual stress

tempest=(((l -pr)*(-l)*stress)/(ym*tce))

et,l,95

[Calculate temperature change [required
to create desired residual [stress.

[Change element types to 3D structural and enter material
[props, oxide.

mp,ex,l,80e3
mp,nuxy, 1,0.25
ex,l,80e3
nuxy, 1,0.25
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et,2,95

’.Change element types to 3D structural and enter material
Iprops, nitride.

ex,2,270e3
nuxy,2,0.27
et,3,0

[Vacuum elements not required, non-structural

et,4,95

[Change element types to 2D structural and enter material
[props, polysilicon.

ex,4,ym
nuxy,4,pr
alpx,4,tce
et,5,170
et,6,174

[Reset contact elements.

alls
[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[ Apply boundary conditions [[[[[[[[[[[[[[[[[[[[[[[[[[[[111!!
asel,s,loc,y,0
dl,all„all

[Select lines at underside of sensor
[fix these in three dimensions.

alls
asel,s,loc,z,0
da,all,uz

[Select z-plane and hold all areas in that direction.

alls
asel,s,loc,x,0
da,all,ux

[Select x-plane and hold all areas in the x direction.

alls
et,3,0

[ Set the cavity elements to null

alls
asel,s,„58
asel,a,„79
asel,a,„91,92
asel,a,„94,95
asel,a,„103
SFA,all„PRES,dp

[Apply pressure load to the top surface of the polysilicon.

alls
tref,0
tunif,tempest

[Apply temperature change to simulate residual stress.
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alls

[Select all

fini
/solu

[Finish model
[Enter solution

physics,write,STRUCTURE,stru,mat

’.write file "stru.mat" with structural
[physics

alls

[Select all

nlgeom,on
autots,on
nsubst,5,100,5

[** nonlinear geometry on **[
[** automatic time/load stepping on **[
[** start with 5 substeps, max 100, min 5**1

[now run the essolv command using the electrostatic and structural physics files
[already defined. The settings are: 3D, remesh non-structural regions if mesh
["morphing" fails The component name of the region to be "morphed" or [remeshed is
AIR, max number of loops 10
ESSOLV,'ELECTROS','STRUCTURE',3,0,'air'„„50
Alls

[Select all

/prep7

[Re-enter preprocessor to calculate capacitance.
[Reapply electrostatic element types and properties.

[oxide
et, 1,122
mp,perx,l,3.9
[nitride
et,2,122
mp,perx,2,7.5
et,3,122
mp,perx,3,l

[air

et,4,122
mp,perx,4,1

[poly

emunit,epzro,8.854e-6

[Permittivity of free space.

Alls

[Select all

finish

[Finish model creation

/solu

[Enter solution processor
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CMATRIX,!,'csens',2,0,

!Use cmatrix command macro to calculate Icapacitance

Fini
/postl
esel,u,type„3
/dsca„l
pldi

’.Finish, exists the eurrent proeessor
! Enter post processor
! Unselect cavity elements, not needed.
!Set descale factor to 1
IPlot displacements.

A.4.3 Log file for analysis of simply supported circular plate using shell
elements for central point load or applied pressure.
Fini
/cle

!Finish any previous analysis
! Clear data bases

/prep?

! Enter preprocessor

f 11 n m f 11»f f m n I m I n 1!! 1 n! I!! !Parameter section!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

1=100

IBeam thickness
! Width of beam
1 Length of beam

dp=0.03
!load=0

1 Applied pressure in a pressure model.
[Central point load in point load model

px=400
py=400

[Residual stress in the x-direction
[Residual stress in the y-direetion

Mesh=5

[Mesh density

et,l,181
mp,ex,l,165e3
mp,nuxy, 1,0.25
mp,perx,l,l
R,l,t

[Polysilicon material properties

k„

[Create keypoints for circle generation

t=2
w-20

[Set real constant for beam thiekness

k„„l
k„l,
circle,l,l,2,3„12

[Create keypoints for circle

a, 1,4,5
*rep,l 1,0,1,1
a,l,15,4

[Generate areas

alls
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type,l
mat,l
esize,mesh
amesh,all

!Mesh areas

alls

! Select all

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!’.Boundary Conditions!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
! Allows no movement in the x y or z directions but
I allows rotations
dl,l„ux
dl,l„uy
dl,l„uz
dl,2„ux
dl,2„uy
dl,2„uz
dl,3„ux
dl,3„uy
dl,3„uz
dl,4„ux
dl,4„uy
dl,4„uz
dl,5„ux
dl,5„uy
dl,5„uz
dl,6„ux
dl,6„uy
dl,6„uz
dl,7„ux
dl,7„uy
dl,7„uz
dl,8„ux
dl,8„uy
dl,8„uz
dl,9„ux
dl,9„uy
dl,9„uz
dl,10„ux
dl,10„uy
dl,10„uz
dl,l l„ux
dl,ll„uy
dl,l l„uz
dl,12„ux
dl,12„uy
dl,12„uz

alls

! Select all
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!nsel,s,loc,x,0
!nsel,r,loc,y,0
!nsel,r,loc,z,0
!f,all,fz,-load

’.Selects node at centre of beam for point load

asel,s,„l,12

’.Select all areas for application of pressure load

SFA,all„PRES,dp

! Apply pressure

Alls

! Select all

! Applies point load

nlgeom,on
autots,on
nsubst, 1,1000,1

!nonlinear geometry on
!automatic time/load stepping on
! start with 1 substeps, max 1000, min 1

solcontrol,on

[Enable solid control

finish

[Finish pre-processor

/solu

[Enter solution processor

solution

[Solution section

esel,s,type„l

[Select all elements of material type 1

istress,px,py

[Apply residual stress

alls

[Select all

solve

[Solve model

/dsca„1
/postl
pldi

[Set scaling to 1
[Enter post-processor
[Plot displacements
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